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Femtosecond lasers are now prolific in many disciplines. While the mechanisms of femtosecond-material
interactions are widely understood, femtosecond lasers as industrial and medical tools still have shortcomings.
Currently conventional state of the art platforms are unable to support low numerical aperture (NA) beams
(that provide large focal volumes and long working distances) without sacrificing axial precision. Furthermore
inline (refractive) delivery systems that are necessary for industrial and clinical medical applications are
currently hindered by nonlinear e↵ects when delivering femtosecond pulses with tens of microJoule pulse
energies and greater. In this thesis Simultaneous Space Time Focusing (SSTF) is presented as a new paradigm
to move the field of femtosecond micromachining significantly forward. With this system we have delivered
microjoule femtosecond pulses with low numerical aperture geometries (<0.05 NA) with characteristics
that are significantly improved compared to standard focusing paradigms. Nonlinear e↵ects that would
normally result in focal plane shifts and focal spot distortion are mitigated when SSTF is employed. As
a result, it is shown that SSTF will enable surgical implementations that are presently inhibited. Initial
ablation experiments of ocular tissue show unprecedented performance with this technique. Implementation
of SSTF, in the past, has been overly complicated. Multiple compressors and di↵raction gratings resulted
in low throughput e ciency. In the second part of this thesis we have focused on significantly streamlining
the SSTF design into a flexible, single grating, integrated SSTF/chirped-pulse amplification system with an
inline (refractive) delivery system to move towards industrial and clinical medical applications. For the first
time this design also allows for variation of the beam aspect ratio of an SSTF beam, and thus the degree
of pulse-front tilt at focus, while maintaining a net zero-dispersion system. Accessible variation of pulse
front tilt gives full spatiotemporal control over the intensity distribution at the focus and another degree of
freedom in ablation processes. Finally, real-time visualization of the femtosecond machining process is vital
for industrial/medical applications, especially in medical where imaging is through scattering materials. At
present a secondary imaging laser system is needed in conjunction with the surgical laser. Using complex,
o↵ the shelf, refractive optics we have created a real-time, inline (refractive), delivery system that is robust
to scattering and integrated within a single machining system. Notably the design decouples the imaging
field of view (FOV) and resolution of the cutting beam despite it being the product of a singular system.
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Since the creation of the laser in the 1960s, the ability of the laser to cut and modify materials has
had a tremendous impact in the fields of microelectronics, photonics, aerospace, medical, and many other
industries resulting in a new contact free method of drilling and cutting, eliminating tool wear, and tool
deposited mechanical energy. Throughout the history of laser micromachining pulse durations have gone
from milliseconds to femtoseconds. The innovation that resulted in the application of femtosecond lasers to
micromachining [1, 2, 3, 4] and ophthalmic surgeries [5, 6, 7] was the realization that the damage process
went from a statistical to deterministic phenomenon when pulse durations were scaled from nanoseconds to
femtoseconds. With well-defined ablation thresholds precise surface ablation, of a broad range of materials
and biological tissues, became possible.
1.1 Nonlinear ionization
In transparent materials, if the laser intensity is high enough ( 1015 W/cm2), electrons are transferred
from the valence to the conduction band via nonlinear ionization. As a result, energy is deposited within the
material, which eventually accumulates to a material-dependent threshold value where permanent damage of




Multiphoton Ionization Tunneling Ionization
Figure 1.1: A flowchart of the nonlinear ionization processes.
Photoionization itself can be further categorized into multiphoton ionization (MPI) and tunneling ion-















determines whether MPI and/or TI will occur [8], where ! is the laser frequency, c is the speed of light, m
e
is the reduced mass of electron, e is the charge of an electron, "
o




bandgap of a material, and I is the laser intensity at focus. For   > 1.5, MPI occurs. In this case a material’s
electrons are promoted from the valence to the conduction band, after absorbing n photons (determined by
nh⌫ > E
g
where ⌫ is the laser frequency and h is Plank’s constant) to overcome the bandgap of the given
material (Figure 1.2 (a)). For example, a 800 nm laser in fused silica (E
g
= 9.0 eV) takes a minimum of
7 photons being simultaneously absorbed to transfer one electron from the valence to the conduction band.
The rate, P(I), at which MPI occurs relates strongly to the intensity of the laser field






is a coe cient for n absorptions [2]. From this it can be seen that for higher intensities MPI
proceeds more quickly.
Tunneling ionization (TI) occurs for   < 1.5. This process involves the breakdown of the Coulomb well
between a valence electron and its parent atom such that the electron frees itself by directly tunneling out of
the well (Figure 1.2 (b)). MPI and TI photoionization e↵ects are responsible for the majority of free carriers











Figure 1.2: A conceptual illustration of photoionization. By absorbing photons electrons are directly ionized.
During multiphoton absorption, electrons are transferred from the valence band (VB) to the conduction
band (CB) after absorbing n photons to overcome the bandgap energy of a given material (a). In tunneling
ionization the Coulomb well that binds a valence electron to its parent atom is broken and the electron
directly tunnels out of the well into the conduction band (b).
1.1.1 Avalanche ionization
Avalanche ionization (AI) acts on electrons that already exist within the conduction band of a material.
These “pre-existing” free electrons can be a result of photoionization (MPI or TI) or a defect within the
material itself that was more accessibly ionized. While in the conduction band the free carrier electron
continues to absorb single photons, moving higher and higher within the conduction band in a process
referred to as inverse Bremsstrahlung absorption. The kinetic energy of the free electron eventually exceeds
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the band gap of the material and collisionally ionizes another electron from the valence band (Figure 1.3).
The two electrons are now near the conduction band minimum and the process repeats, freeing more and






Figure 1.3: A free electron starts a series of collisional impact ionizations resulting in avalanche ionization.
This is a statistical process is reliant on the presence a free seed or “defect” electron to start the ionization
process.
1.1.2 Plasma formation
All nonlinear ionization processes result is the formation of a plasma at focus, typically on the order of
a few microns. This plasma can strongly absorb photons from the laser pulse when the density of electrons,
⇢
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2 the plasma becomes highly
reflective. Here the plasma cannot e ciently add to ⇢
e
, and the volume of the plasma itself increases,
eventually leading to the breakdown of a material.




















where the positive contributions of photoionization (first term) and avalanche ionization (second term)
are balanced against the losses due to di↵usion (third term) and recombination of electrons with their parent
atoms outside the focal region (fourth term) [9]. Calculation of the rate equation [Eq. 1.4] can used for
determining the breakdown thresholds for specific materials and laser parameters [10].
Additionally, this plasma can result in defocusing of the laser beam contributing to other nonlinear e↵ects
(Section 1.4.2) .
3
1.2 Material modifications for long pulse lasers (> 10s of picoseconds)
Early lasers had pulse durations ranging from of a few milliseconds to nanoseconds and later, picoseconds.
The intensities produced at these pulse durations are not high enough to produce a su cient probability
for photoionization therefore, the material removal process is governed by avalanche ionization (AI) [11, 12].
Here AI is very e cient due to the long pulse durations which allow significant time for the electron density
to prosper.
In this long pulse regime, material removal is dominated by heat di↵usion. High temperature (a few
eV) electrons [13, 14, 15, 16, 17], interact with phonons to transfer the absorbed energy to the lattice of a
material. For most materials the lattice transfer time is on the order of a few picoseconds. Since the time
needed to transfer energy to the lattice is less than, or on the order of the duration of the laser pulse, heating
of the lattice occurs. When the lattice reaches the boiling temperature of a respective material, typically
greater than 1200 K [18] (e.g. 2500 to 3100 K [19] for fused silica), permanent damage to the material occurs
via melting.
This heat-dominated process results in unwanted permanent thermal and mechanical material deforma-
tions such as recast layers and large debris buildup around the cut volume (such as burrs and beads) that
are di cult, if not impossible, to remove. Uneven hole structures, chipping, cracks, thick melt layers, and
micro-fractures can also arise and are largely attributed to the instability of material molten phase present
when cutting with long pulses [16, 20] (Figure 1.4 (a, b)). Therefore, pulse widths greater than or equal to a
few picoseconds are unable to produce clean, complex, sub-micron features or precise cuts near a boundary
and result in an extensive heat-a↵ected zone (HAZ) .
Additionally, as discussed above (Section 1.1.1), AI relies on an initial free carrier to start the electron
avalanche process, which means defining a threshold fluence for material modifications is confounded due to
the very statistical nature of the process i.e. a material with more impurities will reduce the threshold for
ablation [21, 10, 22, 23].
1.3 Material modifications for short pulse and ultra-short pulse lasers: moving toward the
femtosecond regime
In the short pulse and ultra-short pulse regimes material damage occurs in a fundamentally di↵erent way.
Modifications now are dominated by high intensity, nonlinear photoionization (MPI and/or TI) mechanisms.
In both cases, less energy is required to reach the threshold intensity for permanent material damage and









Figure 1.4: An example of machining with (a) nanosecond (b) picosecond and (c) femtosecond laser pulses
in stainless steel. The heat-dominated, nanosecond and picosecond, cuts result in a recast layer and large
debris buildup in and around the cut volume. As a result we see an uneven hole structure. However, with the
femtosecond pulses there is decidedly less debris buildup and a clean uniform cut volume is produced. Image
from “Femtosecond, picosecond, and nanosecond laser ablation of solids”, B. N. Chichkov, C. Momma, S.
Nolte, F. Von Alvensleben, and A. Tu, Applied Physics A, 115, 109-116 (1996) [24].
1.3.1 Short pulse (<10 ps) laser modifications
In the case of short pulses, MPI and/or TI generate free electrons within the conduction band on the
tip on the pulse that, during the latter portion of the pulse, seed an AI process which continues to escalate
until reaching the critical plasma frequency [Eq. 1.3]. Here AI is not as e cient (compared to long duration
pulses discussed above) as the shortened pulse durations leave little room for the build up of the electron
plasma density.
1.3.2 Ultra-short pulse (<100 fs) laser modifications
For ultra-short pulses (<100 fs) photoionization alone can build up a su cient plasma density to induce
permanent material damage [10]. Here shock-like energy deposition makes material transition directly from
a solid to a vapor state (ablation). Energy is deposited at a much faster rate (within the duration of the
femtosecond pulse) [25, 14, 13], which is comparatively much shorter (by a factor of ⇠103) than the time it
takes for phonons to transfer energy to a material’s lattice. In this way the two processes become decoupled
[10, 26]. Conduction band electrons do not have time to cool via phonon emission, recombine, or for phonons
to thermally disperse energy away from the machined area. Energy only begins transfer to the lattice after
the completion of the pulse. Consequently the HAZ is drastically reduced (from µms to a few nm) [17] and
the accumulation of debris around the machining volume is minimized. The quality of a machined feature is
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strongly related to the heat left behind in the material therefore, precise, sub-micron, structuring is readily
achieved with femtosecond pulses [1, 2] (Figure 1.4 (c)).
Furthermore, with less energy being wasted on heating bulk material the machining process becomes
decidedly e cient. By extension, material removal rates should increase. Indeed Li et al. observed ablation
rates to increase from 0.10 µm/s for nanosecond pulses to 0.20 µm/s for femtosecond pulses while machining
in soda-lime silicate glass at low intensity (I = 1.74 x 1014 W/cm2) [27, 28].
Finally, a major advantage of femtosecond ablation is that MPI and TI are self-starting processes due to
direct ionization of the electrons. It is therefore independent of a defect electron to seed an AI process, and
results in highly deterministic femtosecond ablation thresholds. This is crucial for precision and repeatability
in micromachining and surgical applications.
1.4 Material laser interactions: nonlinear e↵ects and machining
At the high intensities produced by femtosecond pulses material responses become highly nonlinear due
to the nonlinear dependence of the polarization on the applied electric field. This can be expressed by




(1)E +  (2)EE +  (3)EEE
i
+ · · · (1.5)
where  (1) is the linear susceptibility (constant) and  (2) ,  (3) are the second and third-order nonlinear
susceptibility. The nonlinearity of the polarization results in a variety of “self-action” e↵ects where the
nonlinear response of the material allows the beam to self-modify its propagation.
1.4.1 Self-focusing
For instance when a material is exposed to high intensity laser pulses (⇠ 1 GW/cm2 for sub-picosecond
pulses) the refractive index becomes a function of intensity:
n = n0 + n2I (1.6)










where c is the speed of light in vacuum, "
o
is the permittivity of free space, and n
o
is the refractive
index. Most materials have a positive n2 so as the intensity increases near the center of the beam so does
the nonlinear index of refraction. This results in a spatial index di↵erential, or e↵ectively a lens, that causes












Figure 1.5: A depiction of self focusing. The spatial variation of the intensity leads to spatial variation of
the refractive index which e↵ectively acts as a lens. For most materials n2 > 0 and causes the beam to focus.














Figure 1.6: A depiction of self-trapping (filamentation). The high intensity resulting from self-focusing
ionizing the material. The free electrons create a negative refractive index change, that e↵ectively acts as
a diverging lens, prohibiting further self focusing. At P
cr
[Eq. 1.8] self-focusing and ionization defocusing
equilibrate and the beam propagates at a constant diameter, d.
Self-focusing can itself lead to additional nonlinear e↵ects such as self trapping (filamentation). In this
case the high-intensity resulting from self-focusing causes the material’s electrons to become ionized. The
ionization “cloud” of free electrons has a high spatial density of free electron in the center surrounded
by radially decreasing populations which act as a negative lens, defocusing the beam. The positive lens









where  0 is the vacuum wavelength of the laser radiation, no is the linear refractive index, and n2 is
the nonlinear refractive index, they perfectly balance and the beam propagates at a constant diameter,




Table 1.1 lists the critical power in air and commonly machined materials for a for a 100 fs pulse centered
at  0 = 800 nm. Converting the values to pulse energies (column two) we see that the thresholds for
self-trapping are relatively low.
Table 1.1: Threshold values for self-trapping of common materials. *For ocular tissue, the critical power can




Air 2.4 GW 0.24 mJ
Fused Silica 1.6 MW 0.16 µJ
Water* 4.2 MW 0.42 µJ
1.4.3 Temporal nonlinear e↵ects: self-steepening and self-phase modulation
The intensity dependent nonlinear refractive index also gives rise to modifications of the pulse’s temporal
profile. Self-phase modulation (Figure 1.7), the temporal equivalent of self focusing, causes time-dependent
phase shifts of the electric field when traveling through a medium with n2> 0. Here the temporal center of
the pulse experiences a higher time-dependent refractive index than the edges of the pulse. This causes the
pulse to compress towards the trailing edge (blue broadening the spectrum) and temporally stretch on the














Figure 1.7: When an energetic pulse travels through a material the nonlinear refractive index becomes
dependent on the intensity. The temporally dependent intensity profile corresponds to temporal dependence
of the nonlinear index. This results is self-phase modulation where the center of the pulse is delayed with
respect to the leading and trailing edge. The pulse is broadened. (Image adapted from “Frontiers in
Ultrashort Pulse Generation: Pushing the Limits in Linear and Nonlinear Optics” G. Steinmeyer*, D. H.
Sutter, L. Gallmann, N. Matuschek, U. Keller, Science 286 (5444), 1507-1512 (1999) [30]).
Similarly, the group velocity can also become intensity dependent causing the center of pulse envelope to
become delayed at higher intensities and result in “self-steepening” (Figure 1.8). Here the peak of the pulse
















Figure 1.8: The intensity dependent group velocity slows as the intensity increases delaying the center of
pulse envelope with respect to its edges. An “optical shock” is formed along the trailing edge resulting in self-
steepening. (Image adapted from “Controllable Self-Steepening of Ultrashort Pulses in Quadratic Nonlinear
Media” Je↵rey Moses and Frank W. Wise, Physics Review Letters 97, 073903 (2006) [31]).
1.4.4 White light continuum generation
White light continuum (or supercontinuum) generation occurs when a short, energetic, typically on the
order of µJ, pulse is weakly focused into a transparent material. The spectrum of the pulse significantly
broadens spanning across the visible spectral range (Figure 1.9). Typically material damage does not occur
in this case [32, 26].
Figure 1.9: Here we see a high-intensity infrared (IR) laser pulse (dashed line) become broadened due to
supercontinuum generation (dark blue line) upon weakly focusing into a transparent material. This sketch
represents the typical profile of supercontinuum generation with the broadened frequencies extending well
into the ultraviolet (UV). (Image from “Interaction of Femtosecond Laser Pulses with Transparent Materials”
C.B. Scha↵er, Ph.D Thesis, Harvard University (2001) [26]).
1.5 Machining and Numerical Aperture
Numerical aperture (NA), a measure of how tightly a beam is focused, plays a critical role in femtosecond
pulse propagation and interaction within a material [32]. It is defined as
NA = n sin ✓ (1.9)
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where ✓ is the half-angle of the acceptance cone and n is the refractive index. Assuming a Gaussian profile
the NA relates to the Rayleigh range, z
R
(a measure of a beam’s divergence, defined as the location at which










Machining at low NA (<0.05) is advantageous for many micromachining and surgical applications appli-
cations. The weakly focused beam (long z
R
) results in a large focal volume and therefore more material can
be removed per pulse (shortening the fabrication/procedure time). In ocular surgeries, the increased working
distances can reduce (or eliminate) beam clipping when scanning across an extended surface or along the
boundary of the eye. For machining, it can allow for focusing through a thick sample to cut deep within the
bulk of the sample or on the back surface. Unfortunately, nonlinear e↵ects (discussed in Section 1.4) cur-
rently inhibit conventional focusing of femtosecond pulses at low NA [32]. Vitek et al. demonstrated this by
attempting to use a low NA beam for back surface ablation through a 6 mm sample of fused silica [8]. They
observed the beam self-trap into a filament upon entry into bulk material generating supercontinuum. The
filament modified the bulk material along its path resulting in loss of intensity at the focus which prevented
selective ablation at the back surface of the sample. When machining from the front surface Shah et al.
showed that after a certain depth, self-focusing causes instabilities, thereby changing the hole shape during
deep hole drilling [27, 28]. In corneal tissue destructive filamentation is observed for beams focused with a
NA < 0.5 [34]. This is problematic for central to posterior eye procedures as at this depth the geometry of
the eye itself imposes a NA restriction of ⇠ 0.1 [35].
Relatively high NA ( 0.25) beams can mitigate these nonlinear e↵ects by creating tight focusing con-
ditions, in turn, lowering the damage threshold to well below P
cr
. However, high NA beams result in
restrictions of excitation geometries, small working distances, decreased removal rates, aberrations, and loss
of precision while machining near a boundary [8, 28, 27, 34].
1.6 Simultaneous Space-Time Focusing
Simultaneous Spatial and Temporal Focusing (SSTF) applies lateral spatial chirp on a beam post-
compression to spread out the spatial components of the beam into a frequency-distributed array of low NA
beamlets (Figure 1.10). In the past this was considered a spatio-temporal distortion due to misalignment
[36] but recently this feature has been exploited to reduce peak power and increase intensity localization.
Since the spatial frequency components are no longer overlapped the pulse is temporally stretched creating
long duration pulse and in turn reduces the peak power. This reduction of the peak power mitigates nonlinear
e↵ects and material damage allowing safe propagation of the beam through material and tissue. At the focus
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Motivation: Ablation Inside Transparent Material
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•  Precise targeted ablation
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•  Spatial components spread out into a frequency-distributed array on 
low numerical aperture (NA) beamlets
•  Short pulse occurs only at the focus (where all the spatial 
components are made to overlap)
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•  We use a 1”, 90°, off-axis parabola to focus 
the beam
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aberrations that might compromise the focus
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ablation
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~200um in depth
•  Capsule (~10um thick 
layer of tissue 
encapsulating the lens) 
remains intact





Pulse focuses in time
Amount of spatial chirp affects 
strength of temporal focusing 
(reduces out of focus intensity):
 
 
Fig. 4. Geometric optics model. (a) The beam was ray-traced through the focus of a 25 mm 
focal length, 90 degree off-axis parabola. The center wavelength and the FWHM edges of the 
spectrum were represented by green, blue and red rays, respectively. (b) The shape of the beam 
spot in x (chirped dimension) and y (unchirped dimension) was simulated at several axial 
positions through focus. At focus (z = 0) the beam spot was symmetric. (c) An image of the 
focal plasma in air. (d) The shape of the beam spot was asymmetric at focus with the addition 
of 6 mm of fused silica to simulate backside machining. 
While ray-tracing provides details on the geometrical aspects of beam propagation that 
result from temporal focusing, we gain additional insight into the behavior of the laser pulses 
by calculating the spatio-temporal pattern of a pulse as it propagates through free space (Figs. 
5,6). In particular, the pulse appears as a traveling wave that is transform-limited in time as 
well as diffraction-limited in space (Fig. 5(e)); see also Coughlan et al. [12]. 
 
Fig. 5. Spatio-temporal beam propagation. Beam propagation was simulated in the spatially 
chirped dimension, x, generated by Fourier pulse propagation using the non-paraxial 
propagator. We begin from (a) the lens at z = 0 and proceed in (b)-(e) to the focal plane at z = f. 
Note that the spatial scale has changed between (c) and (d) by a factor of 10. Above each 
spatio-temporal plot is a lineout at x = 0 with a corresponding temporal axis. 
The success of temporal focusing for backside micromachining lies with the improvement 
in the axial confinement and the reduction in the out-of-focus nonlinear interaction with the 
substrate. In Fig. 6 the depth of focus and the nonlinear phase accumulation, referred to as the 
B-integral, are plotted as a function of the spatial chirp. The degree of spatial chirp is given by 
the beam aspect ratio (BAR): the ratio of the spatially chirped beam diameter to the non-
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Fig. 5. Scanningless depth-resolved images of a drosophila egg-chamber stained with
DAPI, a fluorescent DNA binding probe. Optical sections of a drosophila egg-chamber
containing 15 nurse cells, a single oocyte and wrapped by a layer of follicle cells re pre-
sented. The images go from the bottom of the egg chamber (top left image) to its top (bot-
tom center image). The area of each image is 140x140µm. Images are separated by 5µm.
The integration time for each image was 30 seconds. The intensifier noise was subtracted
from each image, and it was corrected for spatial variations in the beam intensity assuming
a Gaussian beam profile. On both the bottom and top sections, follicle cells, whose nuclei
are approximately 3µm in diameter, are observed. The center images show the nuclei of
nurse cells, whose size is of the order of 10µm, as well as the enveloping follicle cells. A
smaller egg-chamber is observed on the top right corner of the images. The bottom right
image shows, for comparison, a TPEF image where the grating was replaced by a standard
mirror, resulting in a non-depth resolved image. This image is to be compared with the one
directly above it. While some detail can be seen, the entire egg-chamber shows a strong
out-of-focus background.
image is one taken with the grating replaced by a simple mirror; hence the pulse remains short
everywhere. This results in a non-depth resolved image, to be compared with the one directly
above it. Significant out-of focus is observed throughout the egg-chamber.
Note that the laser system used in our experiments is far from optimal for this application,
resulting in excessively long image acquisition times. A short discussion of the properties of an
”ideal” system follows. In general, to optimize the nonlinear effect, short pulses are advanta-
geous. Too short pulses (< 20 f s), however, should be avoided since they suffer from significant
material dispersion and since their bandwidth may exceed the TPEF absorption linewidth. Long
pulses (> 100 f s) increase complexity since large magnifications and a highly dispersive grat-
ing are required. In order to measure a maximal signal, the peak intensity at the focal plane
should be as high as possible, yet remain below the damage threshold of biological specimen
[5]. Lower repetition rate systems such as extended cavity lasers (operating at a few MHz)
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Fig. 4. Geometric optics model. (a) The beam w s ray-traced through the focus of a 25 mm 
focal length, 90 degree off-axis parabola. The center wavelength and the FWHM edges of the 
spectrum were represented by green, blue an ed ray , respectively. (b) T e shape of the beam 
spot in x (chirped dime sion) and y (unchirped dime sion) was simulated at several axial 
positions through focus. At focus (z = 0) the beam spot was symmetric. (c) An image of the 
focal pl sma n air. (d) T e shape of the beam spot was asymmetric at focus with the addition 
of 6 mm of fu ed silica to simulate backside machining. 
While ray-tracing provides details on th  geometrical aspects of beam ropagation that 
result from temporal focusing, we gain additional insigh  into th  behavior of the laser pulses 
by a culating the spatio-temporal pattern of a pulse as it ropaga es through free space (Figs. 
5,6). In particular, the pulse appear s a traveling wave hat is transform-limited n time as 
well as diffraction-limited in space (Fig. 5(e)); see als  Coughlan et al. [12]. 
 
Fig. 5. Spatio-temporal beam propagation. Beam propagation was simulated in the spatially 
chirped dime sion, x, generated by Fourier pulse propagation using the non-paraxial 
propagator. We begin from (a) the lens at z = 0 and proceed in (b)-(e) to the focal plane at z = f. 
Note that the spatial scale has changed between (c) and (d) by a factor of 10. Above each 
spatio-temporal plot is a lineout at x = 0 with a corresponding temporal axis. 
The success of temporal focusing for backside micromachining lies with the improvement 
in the axial co finement and the reductio  in the out-of-focus nonlinear interaction with the 
substrate. In Fig. 6 the depth of focus and the nonlinear phase acc mulation, referred to as the 
B-integral, are plotted as a functi n of the spatial chirp. The degree of spatial chirp is given by 
the beam aspect ratio (BAR): the ratio of the spatially chirped beam diameter to the non-
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Fig. 5. Scanningless depth-resolved images of a drosophila egg-chamber stained with
DAPI, a fluorescent DNA binding probe. Optical sections of a drosophila egg-chamber
containing 15 nurse cells, a single oocyte and wrapped by a layer of follicle cells re pre-
sented. The images go from the bottom of the egg chamber (top left image) to its top (bot-
tom center image). The area of each image is 140x140µm. Images are separated by 5µm.
The integration time for each image was 30 seconds. The intensifier noise was subtracted
fro each image, and it was corrected for spatial variations in the beam intensity assuming
a Gaussian beam profile. On both the bottom and top sections, follicle cells, whose nuclei
are approximately 3µ in diameter, are observed. The center images show the nuclei of
nurse cells, whose size is of the order of 10µm, as well as the enveloping follicle cells. A
smaller egg-chamber is observed on the top right corner of the images. The bottom right
image shows, for comparison, a TPEF image where the grating was replaced by a standard
mirror, resulting in a non-depth resolved image. This image is to be compared with the one
directly above it. While some detail can be seen, the entire egg-chamber shows a strong
out-of-focus background.
image is one taken with the grating replaced by a simple mirror; hence the pulse remains short
everywhere. This results in a non-depth resolved image, to be compared with the one directly
above it. Significant out-of focus is observed throughout the egg-chamber.
Note that the laser system used in our experiments is far from optimal for this application,
resulting in excessively long image acquisition times. A short discussion of the properties of an
”ideal” system follows. In general, to optimize the nonlinear effect, short pulses are advanta-
geous. Too short pulses (< 20 f s), however, should be avoided since they suffer from significant
material dispersion and since their bandwidth may exceed the TPEF absorption linewidth. Long
pulses (> 100 f s) increase complexity since large magnifications and a highly dispersive grat-
ing are required. In order to measure a maximal signal, the peak intensity at the focal plane
should be as high as possible, yet remain below the damage threshold of biological specimen
[5]. Lower repetition rate systems such as extended cavity lasers (operating at a few MHz)
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Figure 1.10: (a) Intensity profile of a beam focused to a 33 µm spot size (1/e2 beam diameter) using a
standard focal geometry. (b) Integrated intensity contours along the axial dimension of the focus without
SSTF (black) and with SSTF (red). (c) Intensity profile of a beam with an SSTF focusing geometry
also focused to a 33 µm spot size. In this simulation the beam aspect ratio,  
BA
, was 11 (Image from
Chapter 3, “Simultaneous spatial and temporal focusing for tissue ablation” E. Block, M. Greco, D. Vitek,
O. Masihzadeh, D. A. Ammar, M. Y. Kahook, N. Mandava, C. Durfee, J. Squier, Biomedical Optics Express
4 (6), 831-841 (2013)).
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all the spatial components overlap, and the beam focuses both spatially and temporally creating a spatially
di↵raction-limited, and temporally transform-limited focus. This results in highly localized axial intensity
(Figure 1.10 (b)). Qualitatively we experimentally demonstrate this by focusing a conventional and SSTF
beam with the same parameters into a cell of florescent dye and noting the two-photon excitation fluorescence
(TPEF) signal for each scenario (Figure 1.11).
(a) (b) 
Figure 1.11: A qualitative example of the axial intensity localization for an (a) conventional focus and (b)
SSTF. Under the same parameters, SSTF shows a much smaller region of two-photon excitation fluorescence
signal in the fluorescent dye cell compared to a conventional focus i.e. the SSTF focus is significantly more
localized.
The amount of spatial chirp a↵ects the strength of the temporal focusing (localization) by reducing the
out of focus intensity. We quantify the amount of spatial chirp with a parameter referred to as the beam
aspect ratio,  
BA
. It is defined as the ratio of the spectrally spread width to the beamlet width e.g for a
conventional (circular) beam  
BA
= 1. Defining the depth of focus (DOF) of an SSTF beam as the full
















Plotting Equation 1.11 we see that the axial intensity localization improves with increasing  
BA
(Fig-
ure 1.12). As a useful rules of thumb, a  
BA
⇠ 4 results in an order of magnitudes decrease in axial intensity
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therefore, a larger  
BA
will result in a longer pulse outside of the focus and greater temporal focusing.













At focus the pulse duration collapses to its transform limit (assuming no added spectral phase is present).
SSTF has found many purposes within imaging (Section 1.6.1), micromachining (Section 1.6.2), as well
as more abstract applications such as the generation of “attosecond lighthouses”, where wave-front rotation
(a spatio-temporal phase coupling e↵ect) creates well defined, co-propagating attosecond pulse arrays [39, 40,
41]. SSTF has also been shown to create smaller and more consistent diameter gold nanoparticles (AuNPs)
from aqueous [AuCl4]− compared to those created by a conventional focus [42, 43]. This is attributed to the
absence of nonlinear e↵ects and the symmetry of the SSTF plasma itself which results in a more homogenous
perturbation of the aqueous solution (maximizing circulation and mixing).










Figure 1.12: The depth of focus (DOF) (defined as the FWHM of the axial intensity profile) as a function
of the beam aspect ratio,  
BA
. By a  
BA
⇠ 4 the DOF is already decreased by an order of magnitude.
To create an SSTF beam dispersive elements such as di↵raction gratings or prisms are most commonly
used. The first element disperses the beam and the second element is used to collimate it. A second technique
is to e↵ectively image a single grating to a target. The later case has applications in imaging [44], but is not
ideal for micromachining because the spatial and temporal focal planes are typically not overlapped. That
is, the Gaussian waist of the frequency dispersed beamlets and the location where the beamlets cross may
not occur at the same point.
1.6.1 SSTF as an Imaging Tool
SSTF was first realized for use in wide-field multiphoton excitation microscopy (MPEM) to improve
axial resolution [7, 44]. Background excitation and scattering is an intrinsic di culty when imaging deep
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into biological tissues. Zhu et al. showed that with SSTF they could the improve signal-to-background noise
by reducing background excitation while maintaining signal strength [7]. This is a result of the intensity of a
nonlinear signal varying inversely with temporal pulse duration (in turn, the background excitation will be
insignificant everywhere excluding the point of the temporal focus). Similarly, at almost the same time Oron
et al. also used temporal manipulation, via adjustment of group velocity dispersion (GVD), to eliminate the
need for axial scanning while obtaining full-frame depth resolved imaging [44]. More recently it has been
shown that both the e ciency and image quality of SSTF MPEM can be further improved by integrating
an adaptable optics system within a MPEM microscope to reduce temporal distortions [46].
Recently multiple groups have experimented with implementing structured illumination in conjunction
with SSTF-MPEM [47, 48]. Specifically, excitation patterns from nonlinear structures illumination mi-
croscopy (NSIM) simultaneously with temporal focusing multi photon excitation microscopy (TFMPEM)
has been shown to improve the lateral and axial resolutions by 2.4 fold and 1.9 fold respectively [47]. This
was achieved by implementing a single high-resolution digital micromirror device (DMD) before the SSTF
grating system. Alternatively, the grating can be replaced altogether by a DMD which can e↵ectively act as
a blazed grating while simultaneously imparting arbitrary structured illumination [48]. This increases the
excitation e ciency and maintains the integrity of the pattern at the focal plan that would otherwise be
compromised by the loss of di↵racted orders o↵ the gratings and imperfect projection of the pattern onto
the focal plane due to grating blaze angles. The conditions under which the temporal focus translates with
applied GVD for structured excitation patterns was determined by Lesham et al. by using the arbitrary,
complex wavefronts of computer generated holography (CGH) beams [49]. CGH and temporal focusing
have already proven useful for creating extended excitation patterns [50] which have been advantageous in
optogenetics [51] and three-dimensional investigations of neural networks [52, 53, 54] where the decoupled
temporal and spatial planes allows selective activation of cells.
Within the last year many other applications of SSTF have appeared. Rowlands et al. used wide field
SSTF illumination to decrease treatment time of photodynamic therapy by several orders of magnitude [55].
In this case light is used to selectively induce apoptosis and/or necrosis in cell populations. The increased
confinement of SSTF in this treatment results in little collateral damage to surrounding tissue.
In combination with astigmatism imaging, TFMPEM is capable of scanning-less, wide-field, three-
dimensional, tracking of fluorescent particle trajectories, while minimizing (by 6-9 orders of magnitude)
optical trapping which is an inhibitor to this technique with conventional MPEM [56]. Choi et al. used
temporal stretching to propagate high energy femtosecond (1–10 mJ ) pulses through single-mode, hol-
low core photonic crystal fibers (which have a inherently low threshold damage) for wide field- two-photon
endomicroscopy allowing for a 11 fold increase in the TPEF signal at the sample plane [57].
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Additionally, SSTF has been highlighted in recent review articles for application to in vivo imaging of
sub-cellular structures in thick ( > 500 µm) biological tissues [58] and for use in a clinical setting [59],
where it would be a critical element to reduce scan/procedure times and potentially provide real-time video
feedback.
1.6.2 SSTF as an Machining Tool
(a) (b)
Figure 1.13: A comparison of machining on the back surface of a 6 mm substrate with low NA beams for
conventional (a) and SSTF (b) focusing schemes. With a conventional focus we see that nonlinear e↵ects
dominate and prohibit selective ablation of the back surface. The bulk of the material is modified along the
filament. With SSTF the beam propagates with no loss of intensity by mitigating nonlinear e↵ects. The
bulk of the material is left una↵ected and selective ablation on the back surface is possible. Image from
“Temporally focused femtosecond laser pulses for low numerical aperture micromachining through optically
transparent materials,” D.N. Vitek, D. E. Adams, A. Johnson, P. S. Tsai, S. Backus, C. G. Durfee, D.
Kleinfeld, and J. A. Squier, Optics Express 18 (17), 18086-18094 (2010).
SSTF has also proven to be of great utility in micromachining for microfluidic fabrication [3], machining at
millimeter depths inside optically transparent materials [8], and the creation of unique anisotropic structuring
[16]. More specifically Vitek et al. showed that targeted ablation with 50 µJ, 60 fs pulses at 0.05 NA through
6 mm of fused silica was possible with SSTF, while these same beam parameters resulted in filamentation
and tracking throughout the solid when a conventional focal geometry was used (Figure 1.13) [8]. This ability
avoids (1) successive pulses focusing through debris buildup [62] (2) the redeposition of ablated material [62]
and (3) interaction with channel walls [8], allowing for clean depth cuts and higher,  10, aspect ratio (ratio
of depth-to-width) channels.
A direct result of the SSTF scheme is intrinsic pulse-front tilt (PFT), a phenomenon where the arrival
time of a pulse varies across the beam at focus due to spatial chirp. The direction of the PFT depends on the





Figure 1.14: (a) A beam interacts with a di↵raction grating (G) yielding an output that is spatially chirped
and has pulse front tilt (PFT). (b) PFT varies linearly with the beam aspect ratio ( 
BA
).
across the focal plane) is inversely-dependent on the magnitude of the PFT itself [63]. Optical elements
inducing angular dispersion, such as a di↵raction grating or prism, will result in PFT (Figure 1.14 (a)).
Vitek et al. showed that SSTF, unlike a conventional focus, can provide precise control over PFT [16]. Since
PFT scales linearly with  
BA
(Figure 1.14 (b)), adjustment of an SSTF beam’s  
BA
results in quantitative
modification of the beam’s PFT.
It’s been experimentally shown that PFT o↵ers yet another degree of freedom for machining in addition
to laser parameters (such as repetition rate, pulse duration, pulse energy and wavelength), innate material
properties, and the NA of the beam [10, 11, 12]. More specifically, PFT gives rise to nonreciprocal writing,
where induced material modifications are dependent on the scan direction relative to the PFT (Figure 1.15)
[13, 14, 10, 16, 15] as well as the direction of the laser polarization [70]. This particular aspect has possibly
been the most exploited use of SSTF in micromachining and numerous groups have reviewed and analyzed
PFT in attempt to construct an accurate model to explain these e↵ects [70, 71] .
Vitek et al. showed that SSTF can generate nonreciprocal writing, at a fluence two-times below that of a
conventional focus, over a much broader axial range [16]. Also notable was the observation of nonreciprocal
writing on the back surface of a 500 µm thick sample for the first time [16]. These e↵ects have been
especially intriguing in the development of microfluidic devices where nonreciprocal surface patterning such
as herringbone or Chevron-shaped structures have been shown to assist with particle alignment and flow
dynamics [72, 73].
PFT has additionally been demonstrated to rotate the writing of nanogratings [74], allow for all optical
quantum storage [75], and more e ciently generate SHG (compared to a conventional scheme) which is
ascribed to the non-uniform plasma resulting from PFT [76].
The PFT of SSTF beams can also be combined with other techniques for novel applications. Com-
bined with a slit beam shaping technique the ellipticity of a gaussian beam can be controlled at focus to
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achieve three-dimensional isotropic resolution and control of the cross sectional focal shapes in femtosecond
micromachining [77]. Coupled with structured illumination SSTF can be used to rapidly fabricate poly-
mer structures in three-dimensions on a micrometer scale. This o↵ers more flexibility and by eliminating
point-to-point scanning, reduces processing time to under 1 minute (a greater than three-orders of magni-
tude decrease from conventional platforms). Furthermore it allows for integration of a three-dimensional
nonlinear imaging system to provide feedback in real-time which o↵ers the possibility for mass-production
[78].
To summarize, the increased control we gain within the focal volume of an SSTF beam gives another
degree of freedom for micromachining with the possibility for enhanced flexibility and precision as discussed
in three recent review articles on femtosecond micromachining [79, 80, 35].
50 µm!
E
Figure 1.15: A demonstration of nonreciprocal writing on the back surface of a 500 µm thick sample.
The PFT was orientated along the scan direction and the sample was scanned at 5 µm/s. White light
imaging (inset) shows circular wells and Chevron shaped damage that are dependent on scan direction.
PolyDimethylsiloxane (PDMS) moulds of the structures reveals their morphology more clearly with SEM
imaging. Inset image from “Spatio-temporally focused femtosecond laser pulses for nonreciprocal writing in
optically transparent materials”, D. N. Vitek, E. Block, Y. Bellouard, D. E. Adams, S. Backus, D. Kleinfeld,
C. Durfee, and J. Squier, Optics Express 18 (21), 24673-8 (2010). SEM image courtesy of Yves Bellouard..
1.6.3 Characterization
For tailored SSTF femtosecond applications the spatio-temporal information must be accurately charac-
terized and quantified. By interfering an SSTF pulse with a conventional pulse the PFT of an SSTF beam at
focus was measured for the first time [63]. Furthermore, characterization of lateral and angular chip of SSTF
beams can be done using a spectrally resolved knife edge scan [81]. More recently a single-shot holographic
technique, referred to as Spatially and Temporally Resolved Intensity and Phase Evaluation Device: Full
Information from a Single Hologram (STRIPED FISH), was demonstrated to provide full spatio-temporal
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characteristics of SSTF pulses [82, 83].
1.7 Summary and organization of this thesis
In this thesis SSTF is further exploited and presented as a new paradigm to move the field of femtosecond
micromachining significantly forward. In Chapter 2 a system is constructed that is capable of supporting
low NA beams to increase working distances and processing speeds while not sacrificing axial precision. This
is experimentally demonstrated in Chapter 3 and Chapter 4 where we systematically ablate ocular tissue
with conventional and SSTF focusing assemblies. The results show SSTF to be a very promising new surgical
tool.
While the results in Chapter 3 are profound, to move towards industrial and clinical medical applications
a less complicated implementation of SSTF is needed. The envisioned system would include a flexible yet
streamlined SSTF/CPA system and an inline (refractive) delivery system. This system would need to handle
femtosecond pulses with tens of microJoule pulse energies and greater and be free of nonlinear e↵ects while
focusing (which presently prohibit optical delivery systems of this type). The conceived system is realized
in Chapter 5 and Chapter 6.
An integrated, single grating SSTF/CPA system is presented in Chapter 5 eliminating multi-compressor,
multi-di↵raction grating designs. For the first time this system has the capability to easily vary the beam
aspect ratio of an SSTF beam (and thus the degree of pulse-front tilt at focus) while maintaining a net
zero-dispersion system. Accessible variation of pulse front tilt gives full spatiotemporal control over the
intensity distribution at the focus for tailored femtosecond micromachining.
Real-time visualization of the femtosecond machining process is vital for industrial and medical applica-
tions (especially in medical fields where imaging is through scattering materials). In Chapter 6 we propose
a real-time imaging system that is robust to scattering and integrated within the machining system, elimi-
nating the need for a secondary setup. Notably the design decouples the imaging field of view (FOV) and
resolution for the cutting beam despite it being a single laser platform. Furthermore, in Chapter 6 we show
that with careful performance analysis, a selection of complex, o↵ the shelf, refractive optics can be used to
create a high performance, inline delivery system.
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CHAPTER 2
BUILDING A TI:AL2O3 CHIRPED PULSE AMPLIFICATION SSTF SYSTEM
Direct amplification of femtosecond pulses results in unwanted nonlinear e↵ects and readily exceeds the
damage thresholds of the delivery optics and amplification media (e.g. a Ti:Al2O3 crystal, when pumped
at 532 nm, has a damage threshold value of 1 J/cm2 conservatively [1]). Thus, the standard method for
creating short, high intensity ( 1015 W/cm2) pulses is chirped-pulse amplification (CPA) (Figure 2.1) [2, 3].
It both mitigates nonlinear e↵ects and allows for routine amplification by factors of 106 or more. CPA is
a multistep process that involves temporally stretching (chirping) an initial “seed” pulse by a factor of a
thousand to hundred thousands pre-amplification using dispersive elements such as gratings or prisms. The




where ⌧ is the pulse width and E is the pulse energy. Thus, while the input fluence remains the same (as it
is independent of pulse width) the input intensity decreases by the ratio of the stretching. The long pulse
can now be safely amplified to high powers using a multipass or regenerative amplifier scheme.
After amplification the high-energy, long pulse, needs to be recompressed, by the same stretching ratio,
to achieve a transform limited pulse. This is also achieved using prisms or gratings.
With the innovation of CPA, small scale femtosecond lasers easily reach peak powers in the terawatt
(1012 W) regime [4, 5, 6]. Large-scale femtosecond facilities have even reached petawatt (1015 W) peak
powers [7].
2.1 Dispersion considerations and balances
Table 2.1: Signs of the contributing dispersion from a CPA system that need to be balanced.
Stretcher Material Compressor
GDD + + -
TOD - + +
To achieve these short pulses (<100 fs) it is important to keep careful balances of the contributing
dispersions within the CPA system to ensure the spatial and temporal components are overlapped at focus.
For instance, uncompensated dispersion from misalignments of the stretcher and/or grating compressors will















Figure 2.1: The chirped-pulse amplification (CPA) scheme. A “seed” pulse is initially stretched in time
distributing the energy over a long pulse (creating a low intensity, low peak power pulse). The long pulse
can then be safely amplified by many orders of magnitude. Following amplification the pulse is compressed
to create a short, high intensity pulse.
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Taylor expanding the spectral phase of the pulse,  [!], about ! where the pulse in the frequency domain is
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In general even order terms cause pulse broadening and odd order terms cause pulse distortion. Neither
the first nor second term in [Eq. 2.2] alter the pulse shape as the first term is a constant and the second





where c is the speed of light and P is the optical path length.
Writing the angle of di↵raction o↵ the grating, ✓
d
, in terms of the incident angle upon the grating, ✓
i
,
the second order dispersion, also known as the group delay dispersion (GDD) can be written as:










Where GD is the groove density in lines per millimeter (l/mm) of the grating, c is the speed of light,   is
the wavelength, m is the di↵racted order, and L is the grating separation measured normal to the gratings.
To use the separation along the central wavelength ( 0), Lsep, let L = Lsep cos (✓( )).
GDD can be thought of as the rate at which the individual colors are walking o↵. A system with purely
second order dispersion will result in a shift of the axial position of the focus due to the spatial and
temporal focus being at di↵erent locations. Additionally the peak intensity and localization are
compromised as the plane of zero chirp does not coincide with the location where the di↵erent frequency
components overlap (Figure 2.2 (a)) [12]. GDD can be tuned within a compression/stretcher system by
changing the grating separation L.
The third-order dispersion (TOD) is given by:
TOD =
3GD2Lm2 4 (1 + cos[2✓
d







It is an acceleration term and can be thought of as how fast colors are walking o↵ from one another (all
at di↵erent rates). A system with only uncompensated TOD will result in the pulse becoming distorted;
the intensity decreases as the pulse width increases due to spectral phase [12]. A large source of TOD
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can arise if the gratings within a system are not parallel with respect to one another (such as between
a stretcher/compressor and/or multiple gratings within either system). In this case correcting TOD is as
straightforward as fine tuning the grating angles.
If the system has both GDD and TOD (Figure 2.2 (b)) the addition of GDD does not significantly alter
the pulse duration and the position of the peak intensity does not move as much as in the case where no
TOD is present.
The stretcher, compressor, and material all contribute dispersion. Materials inducing significant disper-
sion include, the gain media (most notably), as well as polarizers, faraday rotators etc. Table 2.1 summarizes
the sign of the contributed dispersion from the di↵erent sources within a CPA system.














Fig. 4. Contributions to axial intensity localization. The outer dashed line corresponds to
the axial intensity for the non-spatially-chirped beamlet. The next line in (blue) accounts
only for the change in beam fluence that arises from spreading the beam at the lens in
the x-direction. When the on-axis spectral width is calculated, the minimum possible pulse
duration is increased away from the focus, resulting in the third curve (black, solid). The
full Fresnel calculation shows further localization resulting from the geometric chirp (red).
Equation (31) for the axial intensity assumes a perfectly-aligned optical system. There are
several degrees of freedom that must be aligned to achieve the maximal axial localization. As
noted above, input chirp (φ2in) can combine with the geometric chirp to shift the plane at which
the pulse is compressed. This feature of space-time focusing has been used to scan the focal
plane along the z-axis [2, 11]. The analysis above clearly sh ws that while the plane where
φ2 = 0 can be moved throughout the confocal parameter (see Fig. 2), the peak intensity and the
localization suffer because the plane of zero chirp is moved to a position where the different
frequency beamlets are not fully overlapped. (see Fig. 5(a)). The pulse duration is longer even
though there is no spectral chirp because it is limited by the local bandwidth [Eq. (27)]. The
increase in the beam area away from the wavelength crossing plane also decreases the peak


















Fig. 5. Variation of the axial intensity with input spectral chirp (φ2) for a beam focused
with a beam aspect ratio of βBA = 4 and a transform-limited pulse duration of 40 fs. In
both graphs, the second-order phases are φ2 = 0 (red), φ2 = 2000 fs2 (blue), φ2 = 4000 fs2
(green). (a) No input third-order phase. (b) Positive input φ3 = 2 105 fs3
Figure 5(b) shows the variation of the axial intensity profile with input second-order phase
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Fig. 4. Contribu ions to axial intensity localization. The outer ash d line corresponds to
the axial intensity for the non-spatially-chirped beamlet. The next line in (blue) accounts
only for the change in beam fluence that arises from spreading the beam at the lens in
the x-direction. When the on-axis pectral width is calculat d, the minimum possible pulse
duration is increased away from the focus, resulting in the thi d curve (black, solid). The
full Fresnel calculati n shows further localization resulting from the geometric chirp (red).
Equation (31) for the axial intensity as umes a perfectly-aligned optical system. There are
several degrees of freedom that must be aligned to achieve the ximal axial localization. As
noted above, input chirp (φ2in) can combine with the geometr c chirp to s ift the plane at which
the pulse is compressed. This f ature of spac -time focusing has been used to scan the focal
plane along the z-axis [2, 11]. The analysis above clearly hows that while the plan where
φ2 = 0 can be moved thr ghout the confocal parameter (see Fig. 2), the peak in ensity and the
localization suffer because the plane of zero chirp is moved t a position where the different
frequency b aml ts are not fully overlapped. (see Fig. 5(a)). The pulse duration is long r even
t ough there i no spe tral chirp because it is limited by the local bandwidth [Eq. (27)]. The
increase in the beam re away from the wavelength crossing plane also decreas s the peak


















Fig. 5. Variation of the axial intensity with input spe tral chirp (φ2) for a beam focused
with a beam aspect ratio of βBA = 4 and a transform-limited pulse duration of 40 fs. In
both graph , the second-order phases are φ2 = 0 (red), φ2 = 2000 fs2 (blue), φ2 = 4000 fs2
(green). (a) No input third-order phase. (b) Positive input φ3 = 2 105 fs3
Figure 5(b) hows the variation of the axial intensity profile with input sec nd-order phase
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Figure 2.2: This figure shows the e↵ects of second and third-order dispersion (GDD and TOD respectively)
on the intensity profile as a function of axial position. (a) is the axial intensity profile for a beam with GDD
of 0 fs2 (red), 2000 fs2(blue dashed), and 4000 fs2(green dashed) but no TOD. In this case the position of the
focus is axially shifted d the peak intensity is diminished. (b) Adding x105 fs3of positive TOD to each of
the former cases we see the axial shift becomew moderated while the pulse width is significantly broadened
(making the peak intensity su↵er). In the case of 0 GDD and +2x105 fs3TOD we see that TOD alone does
not contribute to axial intensity shift. These simulations used a transform limited pulse duration of 40 fs
and a beam aspect ratio of 4. (Image from “Intuitive analysis of space-time focusing with double-ABCD
calculation” C. G. Durfee, M. Greco, E. Block, D. Vitek, J. A. Squier, Optics Express 20 (13), 14244-59
(2012) [12] .
2.2 The impact of di↵raction grating groove density
The choice of grating can, in fact, have a significant impact on the quality of the SSTF focus (both
spatially and temporally) and as such, throughout the course of this dissertation our SSTF compressor has
seen many iterations of grating selection. As a rule of thumb, it can be concluded from our analysis below
that when designing SSTF systems in conjunction with a CPA system, it is useful if the SSTF grating pair
match the gratings in the CPA system (or be of lower groove density).
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Figure 2.3: Top (red trace), model of a 75 fs pulse compressed in the SSTF system with a 600 l/mm grating
pair. The residual third order results in a distorted trailing edge on the pulse. Bottom (blue trace), model
of a 75 fs pulse compressed in the SSTF system with a 1504 l/mm grating pair. The residual third order
results in a distorted leading edge of the pulse. The pulses are normalized to area.
2.2.1 Analysis of 600 l/mm and 1504 l/mm grating pairs
Here, as an example, we will examine the two initial pairs of di↵raction gratings used in our SSTF
compressor: a 600 l/mm and 1504 l/mm pair (1200 l/mm gratings that matched the CPA system were
unavailable). The 600 l/mm grating pair had 50% throughput when used at 36 degrees angle of incidence.
The gratings were separated by 63.0 cm and exhibited low alignment sensitivity. The 1504 l/mm grating




) of 28.9 degrees. The gratings were
separated by 16.3 cm and exhibited high alignment sensitivity. Each pair was arranged to produce the same
e↵ective beam aspect ratio,  
BA
. The resultant compressed pulses from the respective pairs are modeled in
Figure 2.3.
In each case there is residual third order dispersion that distorts the pulse shape. The input pulse to
the SSTF grating pair system must be positively chirped to balance the negative chirp added by the SSTF
grating pair. The positive chirp is created by using the 1200 l/mm grating compressor in the CPA system
which (in this case) has dispersive characteristics slightly mis-matched to the SSTF grating pair. For the
600 l/mm grating pair the resultant third order mis-match manifests itself on the trailing edge of the pulse,
while for the 1504 l/mm grating pair the leading edge of the pulse becomes distorted.
For machining, having the leading (cutting) edge of the pulse free of residual third-order dispersion is a
more appropriate choice.
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2.2.2 Compensating for groove density mismatch
The CPA compressor can in fact be configured to enable transform-limited pulses for both systems. For
the 600 l/mm system the CPA compressor must be reduced in length by 9 cm and the angle of incidence
changed by 2 degrees. For the 1504 l/mm system, the CPA compressor must be reduce in length by 5 cm and
the angle of incidence changed by 29 degrees. However, the required angular o↵set for the 1504 l/mm grating
pair is too large to maintain reasonable compressor e ciency (making it a poor choice for this system).
2.2.3 Impact of grating groove density on axial intensity localization
A further important consideration with SSTF, unlike a conventional focus, is that residual dispersion also
impacts the spatial localization. In Figure 2.4 the variation in the axial intensity profile for the 600 l/mm
and 1504 l/mm systems are compared against a grating pair matched in groove density to the compres-
sor/stretcher (in this case 1200 l/mm). We see that the 1200 l/mm (matched) grating pair provides the best
axial intensity localization and the highest maximum intensity. The 600 l/mm pair results in a small sacrifice
in both maximum intensity and the localization while the 1504 l/mm pair causes significant reduction in
maximum intensity and localization.
CPA sy tem, it s useful if the SSTF grating pair ma ch t  gratings in the CPA system or 
be of lower groove density. 
A further important consideration with SSTF, unlike a conventional focus, is that 
residual dispersio  also impacts the spatial localization as well. In Figure 12 the variation 
in the axial intensity profile for the 600 l/mm and 1504 l/mm systems are compared.  
               
 
 
Figure 12. Axial intensity profile for the 600 l/mm system (blue) 1504/mm system (black) and the 
case of a matched grating pair (with respect to the compressor which in this case is 1200 l/mm) 
(red). The beam aspect ratio in all cases is 11. 
 
 In the experiments that follow it is important to note that despite the residual third 
order dispersion which impacts both the spatial and temporal quality of the focus, the 
SSTF focus still significantly outperforms a conventional focus in all instances. This is 
particularly interesting from the point-of-view of placing instrumentation in a clinical 
setting. It demonstrates that there will be a large tolerance to miss-alignment where the 
system will still perform with outstanding characteristics. A SSTF system that is installed 
to produce diffraction-limited focal spots with transform-limited pulses, can tolerate drift 
in the alignment as a result of changes in the environment, for example, and still operate 
as a superior cutting tool. 
 
3.3 Experimental Setup-Focusing Optic 
Post grating pair the collimated, spatially chirped output is focused by a 1”, 90-degree 
off-axis parabola (Janos Technology, #A8037-175) to a spot size of 33μm at the 1/e2 
diameter for Setup#1 and 15μm at the 1/e2 diameter for Setup#2.  For Setup #1 a second 
order intensity autocorrelation was used to approximate a pulse width at focus of 74-fs 
full-width at half maximum (FWHM) amplitude. For Setup#2 a third order intensity 
autocorrelation in air approximated a 300-fs pulse width at focus [83]. In each case a 
hyperbolic secant pulse shape was assumed. 
4. Ablation Experiments 
4.1 SSTF Ablation Threshold Studies in Glass  
We need to fully understand the extent of laser material damage to machine structures in 
a repeatable fashion. Therefore, it is critical to know the impact a single laser pulse has 
on a material’s morphology. The deterministic nature of femtosecond ablation allows us 
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Figure 2.4: Axial intensity profile for the 600 l/m (blue) and 1504/mm (black) systems. For comparison a
grating pair matched in groove density to th compr ss r/stretcher (in this case 1200 l/mm) is shown (red).
The beam aspect ratio in all cases is 11. We see that the 1200 l/m (matched) grating pair provides the best
axial intensity localization while the 600 l/mm pair causes a small decrease in both maximum intensity and
localization. The 1504 l/mm pair causes significant reduction in intensity and localization.
In the experiments that follow (Chapter 3), the 600 l/mm grating pair is used. It is important to
note that despite the residual third order dispersion which impacts both the spatial and temporal quality
of the focus, the SSTF focus still significantly outperforms a conventional focus in all nstances. This is
particularly interesting from the point-of-view of placing instrumentation in a clinical setting. It demonstrates
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that there will be a large tolerance to miss-alignment where the system will still perform with outstanding
characteristics. A SSTF system that is installed to produce di↵raction-limited focal spots with transform-
limited pulses, can tolerate drift in the alignment as a result of changes in the environment, for example,
and still operate as a superior cutting tool.
In Chapter 5 a single grating, 1200 l/mm integrated SSTF compressor is designed which will o↵er the
superior performance for future experiments.
2.3 System description
The CPA system that has been constructed for this thesis is illustrated in Figure 2.5. The seed pulse
originates from a 76 MHz Ti:Al2O3 oscillator. The oscillator is pumped with 2.3 W of power from an CW
solid state Nd:YVO4 laser (Spectra Physics Millennia). The pulse train is then sent through a pulse selector
consisting of two calcite polarizers and a Pockel cell. The two-calcite polarizers are crossed such that the
first one allows for the transmittance of all p-polarized light while the 2nd diverts or “extinguishes” all
p-polarized light letting no light through along the beam path. This is referred to as the extinction ratio and
is approximately 100,000:1 for the calcite pair. The Pockel cell, a birefringent electro-optic device, is then
inserted between the pair. It acts as zero-order waveplate, leaving the polarization unrotated when “o↵” and
rotating the polarization by 90-degrees (to s-polarization) when a voltage is applied across the birefringent
crystal. In conjunction with the two polarizers this acts as a high-speed gate letting only one pulse through
once every one-thousandth’s of a second creating a 1 kHz repetition rate pulse train. Additionally the Pockel
cell/polarizers combination works in reverse as preventative mechanism against optical feedback within the
system which can un-modelock the seed pulse or cause instabilities of the amplified pulse.
The pulse is then sent to an all-reflective pulse stretcher where it is stretched to around 50 ps. The
stretcher design is based on the design described in [9, 10]. It consists of a single, 1 inch x 4 inch,
1200 lines/mm groove density grating, a single parabolic mirror of focal length 76.2 cm (15.25 cm diameter;
Edmund Scientific), and two flat mirrors. This forms an achromatic telescope with no spherical aberration.
The grating is placed 49 cm from the parabolic mirror at an angle of 31 degrees and disperses the beam in
the horizontal plane. Within the stretcher the beam is slightly displaced vertically so that the input and
output beams are not overlapped. The stretched pulse is then directed into a multipass amplifier based
on the design described in [11]. The multipass design helps reduce astigmatism and material dispersion
compared to a regenerative amplifier design. The amplifier cavity consists of a pair of 2 inch focusing (f =
50 cm) dielectric mirrors, and a 1 inch x 6 inch, flat dielectric mirror that create a ring (Figure 2.6). The two
focusing end mirrors are placed 100 cm from each other (at the sum of their focal lengths) and a 10.5 mm
thick, non-Brewster cut, Ti:Al2O3 crystal is centered at the foci (50 cm) of the two end mirrors. The flat
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Figure 2.5: Schematic of the 1 kHz, Ti:Al2O3, CPA system that was constructed. Green objects represent
pump (532 nm) optics and pump beam(s). Gold objects represent di↵raction gratings within the system.
mirror is placed perpendicular (with respect to the line connecting the end mirrors) at ⇡15 cm away. The
beam makes 9 passes around the ring before being extracted by a simple dielectric turning mirror. The 9
passes must be overlapped within a few microns at the focus inside the crystal to achieve good gain ( 6 for
each pass, or   69 ⇡ 1x107 for all 9 passes).
The compressor has gone through many iterations since it determines the SSTF pulse. The compressor
used in Chapter 3 is a more traditional setup, implemented in conjunction with a CPA compressor (Fig-
ure 2.7). Each grating interaction within a comporessor results in decreased throughput since some power
is directed into higher di↵racted orders. For transmission gratings the throughput for a single interaction
is typically >90% while for reflective gratings the throughput is lower, >60%. This makes reducing the
complexity of the compression system to a single compressor, single transmission grating design attractive
(Figure 2.8). Recently we established a single grating, integrated, SSTF scheme in a high average power
Yb:CaF2 femtosecond amplifier [15]. However, for SSTF this can be a restrictive setup as the second-order
dispersion matching (grating separating, L) sets the SSTF  
BA
to a fixed value which confines the PFT
and axial intensity localization to potentially be less than optimal (Figure 2.7 (b)). In Chapter 5 we have
designed a high throughput, single 1200 l/mm grating, variable PFT, design Figure 2.8 (c).
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Figure 2.6: The multipass amplifier. The ring arrangement consists of two, 2 inch focusing (f=50 cm)
mirrors, a 1 inch x 6 inch, flat dielectric mirror, and a 10.5 mm thick Ti:Al2O3 crystal. The two focusing
end mirrors are placed 100 cm from each other (at the sum of their focal lengths) and the crystal is centered
at their foci (50 cm) . The flat mirror is placed perpendicular (with respect to the line connecting the end














Figure 2.7: A traditional arrangement for SSTF is in conjunction with a complete CPA system. The pulse
is not completely compressed out of the CPA system, leaving the pulse slightly positively chirped to account
for negative dispersion that will be added by the SSTF grating pair downstream.
Figure 2.8: Evolution of the SSTF compressor. For consitency and to reduce the complexity a single
transmission grating is used in each case. (a) shows a standard (single grating) Treacy compressor which
has no spatial chirp and no pulse front tilt. (b) shows a single grating SSTF compressor. In this case there
is always spatial chirp, the pulse front tilt is set and the pulse from tilt is only variable in conjunction with
the beam and/or stretcher system (i.e. cannot be varied independently). (c) shows the novel new single
grating SSTF compressor presented in Chapter 5. This compressor has variable spatial chirp and variable
pulse from tilt that can be varied independently.
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CHAPTER 3
SIMULTANEOUS SPATIAL AND TEMPORAL FOCUSING FOR TISSUE ABLATION
A paper published in Biomedical Optics Express.
Erica Block,1,* Michael Greco,1 Dawn Vitek,1 Omid Masihzadeh,2 David A. Ammar,2
Malik Y. Kahook,2 Naresh Mandava,2 Charles Durfee,1 and Je↵ Squier1
3.1 Abstract
Simultaneous spatial temporal focusing (SSTF) is used to deliver microjoule femtosecond pulses with low
numerical aperture geometries (<0.05 NA) with characteristics that are significantly improved compared to
standard focusing paradigms. Nonlinear e↵ects that would normally result in focal plane shifts and focal
spot distortion are mitigated when SSTF is employed. As a result, it is shown that SSTF will enable surgical
implementations that are presently inhibited.
3.2 Introduction
The innovation that resulted in the application of femtosecond lasers to micromachining [1, 2] and oph-
thalmic surgeries [3, 4, 5] was the realization that the damage process went from a statistical to deterministic
phenomenon with a well-defined threshold when the pulse duration was scaled from the nanosecond to the
femtosecond regime. This has enabled precise surface ablation of a broad range of materials and biological
tissues. Despite this precision, in terms of surgical applications there are several key aspects of these sys-
tems that confound the potential of femtosecond laser-based tissue ablation. These include the variation in
tissue resulting in a disparity of ablation thresholds, naturally occurring apertures (that limit the numerical
aperture [NA] and working distance of the delivery beam), and the location of sensitive membranes that can
be within micrometers of the targeted structure(s). The combination of these last two parameters results
in a seemingly intractable conundrum, and become further complicated by the real-world realization that
pulsed lasers exhibit shot-to-shot energy variation. At low NA and at depth within a tissue, nonlinear e↵ects,
such as self-focusing, result in focal plane jitter that make precise cutting adjacent to sensitive boundaries
di cult.
We demonstrate that these issues that appear intractable can be addressed with simultaneous spatio-
temporal focusing (SSTF) [2, 7]. In a SSTF system, the excitation beam is spectrally dispersed into a
∗Primary author, editor, and researcher. Direct correspondence to eblock@mines.edu.
1Department of Physics, Colorado School of Mines, 1523 Illinois Street, Golden, CO 80401, USA.
2Department of Ophthalmology, University of Colorado School of Medicine, Aurora CO, 80045, USA
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collimated series of low NA beamlets prior to the focusing optic. After the focusing optic, the beams are
angularly dispersed, only intersecting at the focal plane in a single uniform di↵raction-limited spot in space,
and transform-limited pulse in time. The NA of the beamlets determines the final focal spot size. As a result
of the lack of complete spectral overlap in the out-of-focus regions, the peak power and correlating intensity
of the beam is markedly lower in these zones. The reduced out-of-focus intensity mitigates integrated
nonlinear e↵ects such as self-focusing. The utility of the SSTF focal geometry for micromachining, was first
demonstrated by He et al. [3] with application to microfluidics, and Vitek et al. [16, 8] with application
to low numerical aperture machining at millimeter depths inside optically transparent materials. Vitek et
al. showed that targeted ablation with 50 µJ, 60 fs pulses at 0.05 NA through 6 mm of fused silica was
possible with SSTF, while these same beam parameters resulted in filamentation and tracking throughout
the solid when a standard focal geometry was used. Finally, Kammel et al. [17] have recently shown that
SSTF improves the localization of breakdown in water.
In this paper, we extend this work to include biological tissue, with measurements that explicitly demon-
strate registration of the focal plane in SSTF. This is compared with a standard focusing geometry where the
focal plane shifts and the focus distorts as a function of the pulse energy. Further, we demonstrate that the
extension of the ablation zone is axially restricted despite cutting 4 to 58 times above the ablation threshold.
This directly addresses key aspects required for a more intelligent surgical implementation of femtosecond
laser pulses. These are (1) the ability to cut with a broad range of fluences without impacting the location
of the focal plane, which is desirable given tissue di↵erences (2) the use of beams which have longer working
distances facilitating delivery, and (3) precise axial ablation with these beams enabling safer penetration up
to sensitive boundaries or membranes.
3.3 Impact of the beam aspect ratio on axial confinement
The optical arrangement for SSTF must produce a beam with a transverse spatial chirp (collimated
frequency components) along with collimated beamlets. In most of our experiments, we employ the SSTF
geometry described in [9,10], shown in Figure 3.1. A positively chirped pulse from a 75 fs, 1 kHz, chirped pulse
amplification (CPA) Ti:sapphire system is directed through a 600 l/mm grating pair (Thorlabs, #GR25-
0608) arranged in single pass configuration. The collimated, spatially chirped output is typically focused
by a 25.4 mm focal length, 25.4 mm clear aperture 90-degree o↵-axis parabola (Janos Technology, #A8037-
175). An important parameter with SSTF is the beam aspect ratio,  
BA
[12]. This is simply the ratio of the
width of the collimated spatially chirped beam (output of the grating pair) relative to the beam diameter
at the input to the grating pair. Figure 3.2 is an illustration of the dramatic reduction in the axial beam
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Figure 3.1: The simultaneous spatial temporal focusing geometry.
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the central intensity) is used in both cases. Without SSTF the axial intensity full width at half maximum
(FWHM) is 8.6 mm as shown by the black intensity contour in Figure 3.2 (b). This stands in marked
contrast to the SSTF beam, where the FWHM is reduced by a factor of 59 to 146 µm (red intensity contour
Figure 3.2 (b)). The  
BA
for these simulations was 11.
The reduction in the axial intensity profile of the SSTF beam is governed by  
BA
[12]. Beam aspect
ratios >10 are readily achieved for microjoule pulses using standard 1” diameter focusing optics. As a useful
rule of thumb, a  
BA
⇠4 results in an order of magnitude decrease in the axial intensity FWHM. Explicitly,
the intensity scales with  
BA



















where I0 represents the peak intensity at the focal plane and zR is the Rayleigh range of the non-SSTF beam
[12]. Given the radical reduction in the intensity outside of the focal plane with the increase in  
BA
, integral
nonlinear e↵ects that are accumulated as the pulse propagates to the target focal position are minimized.
For example, the nonlinear phase accumulation represented by the B-integral is calculated to be reduced by
a factor of 10 for a  
BA
⇠6. Consequently, SSTF geometries mitigate e↵ects such as self-focusing. This is
a legitimate concern when dealing with microjoule, low numerical aperture beams, for example, since the
peak powers for these beam conditions often exceed the critical power for self- focusing, especially when
employing pulse energies well above the threshold for damage.
We performed an experiment in which energetic pulses were focused in air to explicitly demonstrate the
resistance of SSTF pulses to self-focusing and ionization-induced defocusing. A 45-degree o↵-axis parabola
(Edmund Optics #83-970), f = 76.2 mm, was used to focus 40 fs pulses at 800 nm from a 1-kHz chirped pulse
amplification system in air to a 8 µm spot size (FWHM) using both SSTF and conventional (non-SSTF)
focusing geometries. The plasma breakdown was imaged from above and recorded as a function of increasing
pulse energy. Figure 3.3 shows the focal spot intensity profile for a focal geometry without SSTF (left panels).
At 104 µJ the breakdown is axially symmetric and centered on the focal plane (white dashed line). When
the energy is increased to 190 µJ the focus has shifted 60 µm toward the parabola, and remains reasonably
symmetric. At 278 µJ, the focal spot shifts by 130 µm and becomes distorted. By the time the energy
reaches 358 µJ (maximum throughput for the double-pass, conventional compressor), the distorted profile
shifts 160 µm away from the focal plane. This is classic self-focusing behavior as predicted by Marburger
[13]. Further increasing the pulse energies results in beam filamentation.
By comparison, the axial position of the focus does not shift when SSTF is introduced (Figure 3.3, right
panels,  
BA
= 5.4). Beginning at the lowest pulse energy value of 104 µJ, the focusing behavior is similar for
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Figure 3.2: (a) Intensity profile of a beam focused to a 33 µm spot size (1/e2 beam diameter) using a
standard focal geometry. (b) Integrated intensity contours along the axial dimension of the focus without
SSTF (black) and with SSTF (red). (c) Intensity profile of a beam with an SSTF focusing geometry also




Figure 3.3: Image of focus as a function of pulse energy for a standard focal geometry (left) and an SSTF
focal geometry (right). The dashed line in the left panel indicates the focal plane of the focusing optic. The
beam’s focal position shifts toward this focusing optic as the energy is increased.
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both focusing geometries. Then, as the energy is increased, with SSTF there is no visible shift in the profile
position or shape. Even at 900 µJ (maximum throughput for the single pass SSTF compressor) the profile
remains centered and undistorted. At this point, the pulse has e↵ectively an order of magnitude more energy
than the maximum pulse energy that could be used with a standard focus (104 µJ) and still maintains a
symmetric profile centered on the focal plane.
This behavior has important implications in surgical implementations. First, pulse-to-pulse energy fluc-
tuations will have negligible impact on the location and shape of the focus in an SSTF system. Second, the
cutting fluence can be increased substantially above threshold without a↵ecting the focal position making it
possible to handle a broader range of tissue conditions.
3.4 Tissue ablation above the ablation threshold
The morphology of laser ablation in tissue was investigated for focusing geometries with and without
SSTF. For both focal geometries laser parameters, aside from  
BA
, are kept identical. The beam is focused
on the surface of the lenses of porcine eyes such that the peak fluence is 5.2 J/cm2 which is ⇠4 times above
the ablation threshold [14, 15]. The pulse repetition rate is 1 kHz; the central wavelength is 800 nm; and
the pulse duration is 75 fs.
First, a standard focusing geometry is used. The beam is focused on the surface of the porcine lens such
that it is normally incident with the sample, having a 33 µm spot size (1/e2 diameter) with a 90-degree
o↵-axis parabola, f = 25 mm. The sample is translated laterally at a rate of 0.6 mm/s (⇠55 pulses per 33 µm
spot). Multiple passes were made such that 4 distinct lines (in rows, separated by 200 µm) are cut across
the full aperture of the porcine lens. Figure 3.4 is a single-frame excerpt from a video recording (Figure 3.4,
Media 1) that shows the cutting process live under these conditions.
Notably, without SSTF, nonlinear e↵ects such as supercontinuum generation are visible with the focus
positioned as far as 1 cm above the lens, and grow more intense when the focal spot is positioned at the
lens’ surface. The first pass across the lens results in the lens tissue opening in the form of a large welt,
followed by the propagation of a bubble that grows to encompass a significant portion of the lens’ surface.
A montage of the bubble propagation is detailed in Figure 3.5 to more clearly delineate the propagation as
the cut progresses. Finally, we note that at these beam sizes and fluences even the out-of-focus beam would
periodically damage the system’s optics such as the turning mirrors.
The quality of the cut improves with SSTF. Figure 3.6 is a single-frame excerpt from a video recording
(Figure 3.6, Media 2) using the SSTF focusing geometry under otherwise identical conditions, including the
fluence, spot size, translation speed and raster pattern. The beam aspect ratio is  
BA
= 11. Note that no
welt forms, and no large bubbles are generated. (Microscopic bubble formation, which can pose a problem
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Figure 3.4: Single-frame excerpt from a video recording of laser ablation on the surface of a porcine lens
mounted in agarose using a standard focusing geometry (Media 1, 685 KB). Two lenses are shown; however,
only the lens on the left is being ablated.
Figure 3.5: Montage that details the propagation of the bubbles that follow the first cut with the standard
focusing geometry.
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in these surgeries, was not investigated.) In addition, when the focal plane is 1 cm above the lens, there is
no visible supercontinuum generation and no damage to the optics.
Figure 3.6: Single-frame excerpt from a video recording of channels cut across the surface of a porcine lens
mounted in agarose, using a SSTF focusing geometry (Media 2, 731 KB).
Laser ablated tissues from both standard and SSTF focusing geometries were examined histologically.
Lenses were prepared according to the following procedure: They were preserved overnight at 4°C in Fekete’s
fixative (4% formaldehyde, 5% glacial acetic acide, 70% ethanol) and then embedded in para n. Histological
sections (8 µm thick) were stained with Mayer’s hematoxylin and eosin Y (H&E: Richard-Allan Scientific,
Kalamazoo, MI). Bright field imaging was performed using a Nikon Eclipse 80i microscope (Nikon, Melville,
NY) equipped with a Nikon D5-Fi1 color camera and a Nikon 4x/Plan Fluor objective lens. Multiple
representative images of the tissue histology are shown in Figure 3.7.
The panels left of center (Figure 3.7 (a), (b), (e), (f)) are ablated with the SSTF focus, while the panels
right of center (Figure 3.7 (c), (d), (g), (h)) are ablated with a standard focus. The red boxes in the upper
row of panels delineate the correspondingly magnified areas shown in the lower panels. From these images
it is apparent that the damage only extends to ⇠200 micrometers for SSTF ( Figure 3.7 panels (e) and (f))
whereas it extends to a millimeter with a standard focus ( Figure 3.7 panels (g) and (h)). Additionally, the
localization of the SSTF focal spot directly a↵ects the integrity of the lens capsule, the darker red ⇠10 µm
thick layer of tissue encapsulating the lens. In Figure 3.7 (e) and (f) the lens capsule remains intact outside
of the ablated zone. Notice that various slices of capsule in the SSTF geometry can be seen, marking the
rows from sequential passes, separated by 200 µm. Without SSTF, the lens capsule is absent, removed as a
result of the bubble formation (Figure 3.5) which extends significantly outside of the ablated zone.
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Figure 3.7: Histological tissue slices of the laser-treated porcine lens. Panels a,b,e,f, are for SSTF focusing;
panels c,d,g,h are with a standard focus. The black scale bars shown in a) and e) are 500 µm, and the same
scaling is used for all images within each row.
Fig. 8
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Figure 3.8: Fluence as a function of laser pulse duration for the SSTF focus used in the eye ablation
experiments. The black li e is the fluence of the focus. The red line is the ablation threshold fluence as
taken from reference [13]. There is a slight positive slope to the red ablation fluence line.
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What do we expect for a di↵erence in the extent of the SSTF cuts relative to the standard focus?
Figure 3.8 plots the SSTF fluence (in black) for the conditions used in these experiments versus pulse
duration (which corresponds to axial position). The red line is the ablation threshold as measured by
Giguère et al. [14]. For these short pulses, the measured ablation fluence has weak pulse width dependence
and hence shows a slight positive slope. All points on the black curve that are above the red plot are above
the ablation threshold. Thus for these focusing conditions the fluence is high enough to ablate out to a pulse
duration of ⇠83 fs which corresponds to an axial distance of ⇠160 µm from the focal spot.
Fig. 9
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Figure 3.9: Flue ce as a function of axial position. Blue – is the fluence for the standard focus. Black - is the
fluence for the SSTF focus. Red – is the measured ablation threshold (from [13]) for a 100 fs pulse. The light
red fill illustrates the portion of the SSTF focus that is above the ablation threshold and the region were
damage could be expected. The light blue fill illustrates the region of the SSTF focus below the ablation
threshold. Note that the standard focus (blue contour) is above the ablation threshold (red contour) for the
entire region depicted in the plot.
Alternatively, the fluence profile of both the SSTF and standard focus can be plotted as a function of
axial position, and compared relative to a single value of the ablation threshold [14, 15]. This analysis is
done in Figure 3.9. The SSTF focus (black) is only above the ablation threshold (red) to a depth of 160 µm,
while the standard focus (blue) is above the ablation threshold for millimeters. Figure 3.8 and Figure 3.9
reinforce precisely what is seen in the histology. The extent of the SSTF ablation should be limited to several
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Figure 3.10: Histological tiss e slice f porcin lens. SSTF was employed and the sample was translated at
a speed of 10.8 mm/s through focus.
Finally, rapid ablation is also achievable with SSTF. Cutting at ⇠58 times above the ablation threshold
at 18 times the translation speed (10.8 mm/s) with a reduced beam aspect ratio (  
BA
= 4) we see there
is no compromise in precision when SSTF is implemented. As was done previously, the focus was placed at
the surface of the lens, normally incident and four rows are cut. An image of the histology for the rapid
ablation is shown in Figure 3.10. In this instance, each spot of the tissue is only exposed to a single laser
shot. The four individual rows can be seen.
3.5 Conclusion
To ablate materials or tissue cleanly, femtosecond lasers are typically operated at or slightly above the
ablation threshold [1, 2, 3, 4, 5]. However, especially in regards to surgical implementations, as a result of
variation in the tissue it is often desirable to ablate significantly above threshold to break up troublesome
regions. The di culty is that often the laser is focused to a moderate spot size (⇠10-15 µm) in order to
ensure adequate working distances. The resultant low numerical aperture beams are susceptible to nonlinear
e↵ects such as self-focusing and the energy fluence cannot be raised aggressively above threshold without
serious consequences. In contrast, we have shown here for the first time, that with SSTF even larger beam
sizes (lower numerical aperture) can be accommodated and be operated well above threshold to help break
up tissue, all the while maintaining controlled and predictable damage zones.
Finally it should be noted, that the SSTF approach does not require the short pulses used here. In fact,
we show that there may be additional benefit to working with longer pulse durations. Many lasers in use in
ophthalmic surgeries today have pulses durations on the order of 500 fs (compared to the 75 fs used here).
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Figure 3.11: Upper plot – SSTF fluence (black curve), blue is ablation threshold assuming a square root
dependence on the ablation threshold. Red filling is region where the pulse fluence is above damage threshold.
Lower plot – Standard focus fluence (black curve), blue is ablation threshold for a constant pulsewidth. Red
filling is region where the pulse fluence is above damage threshold.
can be imparted to the beam to reach the desired beam aspect ratio, the localization is independent of the
pulse duration. The gains in these longer pulse systems maybe even more substantial since the ablation
threshold at these pulses durations tends to exhibit a dependence that scales as the square root of the pulse
duration, whereas for short pulses the energy fluence threshold for damage is only weakly dependent on
pulse duration. Figure 3.11 compares the gain in precision obtained for systems operating in this regime.
The beam aspect ratio used for the SSTF calculation (Upper plot, Figure 3.11) is 11. Note that the axial
ablation zone extends more than 20 times further for the case of a standard focus compared to the SSTF
focus.
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While the following work was not included in publication, it further demonstrates the axial intensity
localization of SSTF versus a conventional focus and the superiority of SSTF as a surgical tool.
4.1 Intensity localization
In addition to to imaging the focus as a function of pulse energy (Figure 3 in Chapter 3) we performed a
similar experiment where we imaged breakdown in air and a function of dispersion while keeping the energy
fixed (Figure 4.1). Dispersion was added or subtracted by adjusting the linear spacing between the gratings
within our laser compressor. Zero represents the position of zero spatial chirp, while the dotted line is the
geometric focal plane. The yellow cross is an artifact of how the measurements were taken and remained










Figure 4.1: (a) With a conventional focus, break down moves toward the lens when the pulse is at its highest
intensity due to self-focusing. (b) With SSTF, the position of the best breakdown remains at the geometric
focal plane. The SSTF focal plane shifts when dispersion is added or subtracted (modifying the wavefront
to act as a positive or negative lens). In both cases “0” represents the position of zero spatial chirp, while
the dotted line is the geometric focal plane.
We see that with a conventional focus, break down moves toward the lens when the pulse is at its highest
intensity (self-focusing) while with SSTF, the position of the best breakdown remains at the geometric focal
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plane. The SSTF focal plane shifts when dispersion is added or subtracted (modifying the wavefront).
The curvature of the spectral phase (a result of the individual frequency components having a one-to-one
correspondence to the transverse position) e↵ectively acts as a positive or negative “lens”. This feature of
SSTF was used in one of its original applications to temporally scan the focal plane along the z-axis [14, 2].
4.2 SSTF as a surgical tool
Conventional femtosecond lasers have already started to be considered for posterior segments of the eye
(lens-to-retina region). For instance, in a process referred to as a lentotomy, presbyopia [3, 4, 5, 6] (the
hardening of the lens tissue) is treated with femtosecond lasers to recover near-vision [7]. Similarly, it can
be used to soften the lens before extraction in a capsulotomy and lens fragmentation procedure for cataract
surgery [8, 9]. The possibility to cut membranes within the vitreous tissue has also been demonstrated which
could lead to prevention of retinal detachment [10].
These procedures however, still su↵er using conventional focusing due to the long propagation lengths
through the vitreous body which results in aberrations, filamentation, continuum generation, and spectral
broadening which all decrease precision, and can cause collateral damage outside the focal region [11, 12, 13,
14, 15]. Additionally, due to these limitation, energies are kept well above the ablation threshold (upwards
of 10 µJ compared to the actual threshold of ⇠1 µJ) to ensure a dependable procedure if attenuations occur
during the propagation of the pulse to the focus [8]. As a result, parts of the eye such as the retina receive
potentially damaging levels of laser radiation and can even induce cataracts.
One group tried eliminating nonlinear e↵ects using an adaptive optics scheme to minimize aberrations
and reduce the needed energy. However, adaptive optics setups require expensive, and complicated, SLMs
and/or deformable mirrors which are challenging to implement within a clinical setting [16]. Additionally,
with this setup the intensity still remains high throughout the propagation and feedback to the adaptive
optics is highly scattering in ocular tissue.
With SSTF’s ability to mitigate nonlinear e↵ects and localize intensity it is apparent that these procedures
could be significantly improved and potentially new procedures could be considered within the posterior eye.
In conjunction to our results showing the superiority of SSTF for ocular surgery Kammel et al. showed
that at 8 µJ, SSTF reduced filament length in a model eye by over half [17]. Furthermore, in the experiment
the conventional focus demonstrated (as expected) filamentation, generation of supercontinuum, and unpre-
dictable damage, all of which pose a marked risk for retinal safety. SSTF was demonstrated to suppress
these e↵ects in all cases.
Table 4.1 summarizes the current parameters being used in clinical settings and how SSTF can meet or
favorably exceed the specifications. The axial intensity localization, mitigation of nonlinear e↵ects, ability to
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scale to larger focal spots (i.e. faster operational procedures), and new focal geometries (such as an extended
line focus) mean that SSTF o↵ers extraordinary new potential and flexibility.
Table 4.1: A table showing the current state of the art for ocular surgery with femtosecond lasers (conven-
tional focusing). In all cases SSTF can match and/or exceed the current standards.
Conventional Focus SSTF
Spot size 10-15 µm 10-15 uµm
Energy 10 µJ 10 µJ
Pulse-width 500 fs 500 fs or shorter
Wavelength 1030-1060 nm Compatible with any desired
wavelength
Axial intensity (FWHM, 15 um
lateral spot)
1.2 mm 35 µm
Nonlinear focusing Problem Not a problem, 10 x
improvement for BAR of 4-8
Scalability to larger focal spots Limited by nonlinear e↵ects,
lack of confinement
Can be scaled to larger focal
sizes and new geometries
In Figure 4.2 and Figure 4.3 we compare conventional and SSTF focusing schemes when performing an
ablation procedure within the lens of the eye. Full calculations of laser intensity upon each surface of the








where E is the pulse energy, d is the 1/e2 diameter of the beam, and ⌧ is the pulse width. In each case a
100 fs pulse and 16 µm (1/e2 diameter) spot exist at focus, providing 49.7 TW/cm2 of peak intensity. In the
SSTF scenario, the laser intensity on cornea and retina is reduced by multiple orders of magnitude making
for a much safer procedure.
Table 4.2: This table summarizes the amount of laser radiation that the cornea, lens, and retina are exposed
to when ablating within the lens of the eye for a conventional and SSTF focusing scheme. In each case, a
16 µm (1/e2 diameter) spot and 100 fs pulse exist at focus.
Intensity at Cornea Intensity at Lens Intensity at Retina
Conventional focus 66 GW/cm2 49.7 TW/cm2 10 GW/cm2
SSTF 136 MW/cm2 49.7 TW/cm2 58 MW/cm2
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Motivation: Ablation Inside Transparent Material
•  High peak intensity throughout focus
•  Short pulse everywhere
•  High peak intensity on delivery optics
•  Self-focusing and supercontinuum 
generation result in a loss of intensity at the 
focus
•  Glass is tracked along the filament
•  Selective ablation at the focal depth is 
inhibited (as the energy is non localized)
-250 fs2 input chirp 
no input chirp 
Z = 0 
We acknowledge funding support from AFOSR under grants 
FA9550-10-1-0394 and FA9550-10-0561. 
Spatially Chirped PulsesConventional Focusing
•  Short pulse and high intensity only at focus 
(where spatial components overlap)
•  Self focusing and continuum generation are 
suppressed
•  Glass sample can be selectively ablated at 
the back surface 
•  Glass volume left unblemished
•  Precise targeted ablation
References
Temporally chirped pulses
1 kHz, 800 nm, 75 fs
Setup
•  Gratings result in lateral spatial chirp
•  Spatial components spread out into a frequency-distributed array on 
low numerical aperture (NA) beamlets
•  Short pulse occurs only at the focus (where all the spatial 
components are made to overlap)







We can achieve a diffraction limited spot with SSTF
•  We use a 1”, 90°, off-axis parabola to focus 
the beam
•  Since we have spatially chirped pulses using 
this reflective optic avoids picking up 
aberrations that might compromise the focus
Actual snapshot of 
focus
SSTF: A New Paradigm for Tissue Ablation[3]
500 µm
•  No control over 
damage zone
•  Damage up to 
~1mm in depth
•  Precise targeted 
ablation
•  Ablation confined to 
~200um in depth
•  Capsule (~10um thick 
layer of tissue 
encapsulating the lens) 
remains intact





Pulse focuses in time
Amount of spatial chirp affects 
strength of temporal focusing 
(reduces out of focus intensity):
 
 
Fig. 4. Geometric optics model. (a) The beam was ray-traced through the focus of a 25 mm 
focal length, 90 degree off-axis parabola. The center wavelength and the FWHM edges of the 
spectrum were represented by green, blue and red rays, respectively. (b) The shape of the beam 
spot in x (chirped dimension) and y (unchirped dimension) was simulated at several axial 
positions through focus. At focus (z = 0) the beam spot was symmetric. (c) An image of the 
focal plasma in air. (d) The shape of the beam spot was asymmetric at focus with the addition 
of 6 mm of fused silica to simulate backside machining. 
While ray-tracing provides details on the geometrical aspects of beam propagation that 
result from temporal focusing, we gain additional insight into the behavior of the laser pulses 
by calculating the spatio-temporal pattern of a pulse as it propagates through free space (Figs. 
5,6). In particular, the pulse appears as a traveling wave that is transform-limited in time as 
well as diffraction-limited in space (Fig. 5(e)); see also Coughlan et al. [12]. 
 
Fig. 5. Spatio-temporal beam propagation. Beam propagation was simulated in the spatially 
chirped dimension, x, generated by Fourier pulse propagation using the non-paraxial 
propagator. We begin from (a) the lens at z = 0 and proceed in (b)-(e) to the focal plane at z = f. 
Note that the spatial scale has changed between (c) and (d) by a factor of 10. Above each 
spatio-temporal plot is a lineout at x = 0 with a corresponding temporal axis. 
The success of temporal focusing for backside micromachining lies with the improvement 
in the axial confinement and the reduction in the out-of-focus nonlinear interaction with the 
substrate. In Fig. 6 the depth of focus and the nonlinear phase accumulation, referred to as the 
B-integral, are plotted as a function of the spatial chirp. The degree of spatial chirp is given by 
the beam aspect ratio (BAR): the ratio of the spatially chirped beam diameter to the non-
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Fig. 5. Scanningless depth-resolved images of a drosophila egg-chamber stained with
DAPI, a fluorescent DNA binding probe. Optical sections of a drosophila egg-chamber
containing 15 nurse cells, a single oocyte and wrapped by a layer of follicle cells re pre-
sented. The images go from the bottom of the egg chamber (top left image) to its top (bot-
tom center image). The area of each image is 140x140µm. Images are separated by 5µm.
The integration time for each image was 30 seconds. The intensifier noise was subtracted
from each image, and it was corrected for spatial variations in the beam intensity assuming
a Gaussian beam profile. On both the bottom and top sections, follicle cells, whose nuclei
are approximately 3µm in diameter, are observed. The center images show the nuclei of
nurse cells, whose size is of the order of 10µm, as well as the enveloping follicle cells. A
smaller egg-chamber is observed on the top right corner of the images. The bottom right
image shows, for comparison, a TPEF image where the grating was replaced by a standard
mirror, resulting in a non-depth resolved image. This image is to be compared with the one
directly above it. While some detail can be seen, the entire egg-chamber shows a strong
out-of-focus background.
image is one taken with the grating replaced by a simple mirror; hence the pulse remains short
everywhere. This results in a non-depth resolved image, to be compared with the one directly
above it. Significant out-of focus is observed throughout the egg-chamber.
Note that the laser system used in our experiments is far from optimal for this application,
resulting in excessively long image acquisition times. A short discussion of the properties of an
”ideal” system follows. In general, to optimize the nonlinear effect, short pulses are advanta-
geous. Too short pulses (< 20 f s), however, should be avoided since they suffer from significant
material dispersion and since their bandwidth may exceed the TPEF absorption linewidth. Long
pulses (> 100 f s) increase complexity since large magnifications and a highly dispersive grat-
ing are required. In order to measure a maximal signal, the peak intensity at the focal plane
should be as high as possible, yet remain below the damage threshold of biological specimen
[5]. Lower repetition rate systems such as extended cavity lasers (operating at a few MHz)
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Ablation of ocular tissue (extracted porcine lens) ~4.5x above 
ablation threshold for 100fs pulse in ocular tissue at 0.6mm/s:
Histology 
Ablation of lens  - 35 µm spot, 90 mW average power, 1 kHz,
 800 nm, 75 fs
Confidential
Observations when SSTF not used:
• Average power effects clearly evident (coloring of tissue)
• No control over damage zone
Observations with SSTF:
• Average power effects mitigated
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Figure 4.2: This diagram shows ocular safety when u ing a conventional focusing scheme to ablate within
the lens of an eye. In this case a short, high intensity pulse exists everywhere throughout focus with the
cornea, lens, and retina all being exposed to a large amount of laser intensity. For a 16 µm (1/e2 diameter)
focal spot and 100 fs pulse width, calculations of the intensity at the cornea, lens, and retina are calculated
and summarized inTable 4.2.
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Fig. 4. Geometric optics model. (a) The beam was ray-traced through the focus of a 25 mm 
focal length, 90 degree off-axis parabola. The center wavelength and the FWHM edges of the 
spectrum were represented by green, blue and red rays, respectively. (b) The shape of the beam 
spot in x (chirped dimension) and y (unchirped dimension) was simulated at several axial 
positions through focus. At focus (z = 0) the beam spot was symmetric. (c) An image of the 
focal plasma in air. (d) The shape of the beam spot was asymmetric at focus with the addition 
of 6 mm of fused silica to simulate backside machining. 
While ray-tracing provides details on the geometrical aspects of beam propagation that 
result from temporal focusing, we gain additional insight into the behavior of the laser pulses 
by calculating the spatio-temporal pattern of a pulse as it propagates through free space (Figs. 
5,6). In particular, the pulse appears as a traveling wave that is transform-limited in time as 
well as diffraction-limited in space (Fig. 5(e)); see also Coughlan et al. [12]. 
 
Fig. 5. Spatio-temporal beam propagation. Beam propagation was simulated in the spatially 
chirped dimension, x, generated by Fourier pulse propagation using the non-paraxial 
propagator. We begin from (a) the lens at z = 0 and proceed in (b)-(e) to the focal plane at z = f. 
Note that the spatial scale has changed between (c) and (d) by a factor of 10. Above each 
spatio-temporal plot is a lineout at x = 0 with a corresponding temporal axis. 
The success of temporal focusing for backside micromachining lies with the improvement 
in the axial confinement and the reduction in the out-of-focus nonlinear interaction with the 
substrate. In Fig. 6 the depth of focus and the nonlinear phase accumulation, referred to as the 
B-integral, are plotted as a function of the spatial chirp. The degree of spatial chirp is given by 
the beam aspect ratio (BAR): the ratio of the spatially chirped beam diameter to the non-
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Fig. 5. Scanningless depth-resolved images of a drosophila egg-chamber stained with
DAPI, a fluorescent DNA binding probe. Optical sections of a drosophila egg-chamber
containing 15 nurse cells, a single oocyte and wrapped by a layer of follicle cells re pre-
sented. The images go from the bottom of the egg chamber (top left image) to its top (bot-
tom center image). The area of each image is 140x140µm. Images are separated by 5µm.
The integration time for each image was 30 seconds. The intensifier noise was subtracted
from each image, and it was corrected for spatial variations in the beam intensity assuming
a Gaussian beam profile. On both the bottom and top sections, follicle cells, whose nuclei
are approximately 3µm in diameter, are observed. The center images show the nuclei of
nurse cells, whose size is of the order of 10µm, as well as the enveloping follicle cells. A
smaller egg-chamber is observed on the top right corner of the images. The bottom right
image shows, for comparison, a TPEF image where the grating was replaced by a standard
mirror, resulting in a non-depth resolved image. This image is to be compared with the one
directly above it. While some detail can be seen, the entire egg-chamber shows a strong
out-of-focus background.
image is one taken with the grating replaced by a simple mirror; hence the pulse remains short
everywhere. This results in a non-depth resolved image, to be compared with the one directly
above it. Significant out-of focus is observed throughout the egg-chamber.
Note that the laser system used in our experiments is far from optimal for this application,
resulting in excessively long image acquisition times. A short discussion of the properties of an
”ideal” system follows. In general, to optimize the nonlinear effect, short pulses are advanta-
geous. Too short pulses (< 20 f s), however, should be avoided since they suffer from significant
material dispersion and since their bandwidth may exceed the TPEF absorption linewidth. Long
pulses (> 100 f s) increase complexity since large magnifications and a highly dispersive grat-
ing are required. In order to measure a maximal signal, the peak intensity at the focal plane
should be as high as possible, yet remain below the damage threshold of biological specimen
[5]. Lower repetition rate systems such as extended cavity lasers (operating at a few MHz)
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ωx = 1100µm 
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Figure 4.3: This diagram shows ocular safety when using an SSTF focusing scheme to ablate within the lens
of an eye. In this case a short, high intensity pulse only exists at the focus. The laser intensity on cornea
and retina is significantly reduced while maintaining the same focal size (16 µm 1/e2 diameter) and pulse
width (100 fs) at the point of ablation as in conventional focus case (Figure 4.2). The reduction in intensity
at the cornea and retina are calculated and summarized in Table 4.2. Notably we can see that by the time
the pulse reaches the retina (only 17 mm away from focus) the beam has expanded to 1100 µm and 7840 µm
in x and y respectively and the pulse width is lengthened to 2 ps .
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CHAPTER 5
INTEGRATED SINGLE GRATING COMPRESSOR FOR VARIABLE PULSE FRONT TILT IN
SIMULTANEOUSLY SPATIALLY AND TEMPORALLY FOCUSED SYSTEMS
A paper published in Optics Letters.
Erica Block,1,*Jens Thomas,1,2 Charles Durfee,1 and Je↵ Squier1
5.1 Abstract
A Ti:Al3O2 multipass chirped pulse amplification system is outfitted with a single-grating, simultaneous
spatial and temporal focusing (SSTF) compressor platform. For the first time, this novel design has the
ability to easily vary the beam aspect ratio of an SSTF beam, and thus the degree of pulse-front tilt at
focus, while maintaining a net zero-dispersion system. Accessible variation of pulse front tilt gives full
spatiotemporal control over the intensity distribution at the focus and could lead to better understanding of
e↵ects such as nonreciprocal writing and SSTF-material interactions.
5.2 Introduction
The utility of simultaneous spatio-temporal focusing (SSTF) [7, 6] is gaining enthusiasm and has begun
to be exploited in the field of microfluidic devices [3] and micromachining [16, 8] for its ability to support
large focal volumes and long working distances while mitigating nonlinear e↵ects. Additionally the highly
localized nature of an SSTF beams’ axial intensity has proved to be an optimal tool for precision tasks such
as (1) the ablation of ocular tissue [10] and localized breakdown in water [11] with low numerical aperture
beams and (2) the minimization of out of focus background excitation in nonlinear microscopy[13, 14]. A
direct result of the SSTF scheme is intrinsic pulse-front tilt (PFT), a phenomenon where the arrival time of
a pulse varies across the beam at focus due to spatial chirp. Optical elements inducing angular dispersion,
such as a di↵raction grating or prism, will result in PFT. It’s been experimentally shown that PFT o↵ers
yet another degree of freedom for machining in addition to laser parameters (such as repetition rate, pulse
duration, pulse energy and wavelength), innate material properties, and the numerical aperture (NA) of
the beam [10, 11, 12]. More specifically, PFT gives rise to nonreciprocal writing, where induced material
modifications are dependent on the scan direction relative to the PFT [13, 14, 10, 16, 15].
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Tuning PFT in a classical laser machining setup architecture however is cumbersome and is not a practical
tool for continuous machining. Having the freedom to continuously tune the PFT in a simple manner and
in a way that could be automated would broaden the capability and expand the applicability of femtosecond
laser micromachining. Additionally, while the use of spatially-chirped beams has resulted in intriguing
applications as described above, comparison across di↵erent groups has been complicated by the number of
techniques used to create the spatial chirp (and thereby PFT). In early work, PFT was realized by imposing
misalignment within a laser’s grating compressor [16]. These misalignments are di cult to quantify because
of the number of degrees of freedom involved. Introducing a grating angular mismatch of the gratings
leads to angular spatial chirp and adjusting the retroreflection mirrors in a double-pass grating pair leads
to transverse spatial chirp. A second technique in use is where a single grating is e↵ectively imaged to the
target, where the angularly dispersed frequency components cross. This configuration has applications in
imaging [6, 7], but is not ideal for micromachining because the spatial and temporal focal planes are typically
not overlapped. That is, the Gaussian waist of the frequency dispersed beamlets and the location where
the beamlets cross may not occur at the same point. In our previous work, we demonstrated that SSTF
could provide precise control over PFT by using a single-pass grating compressor configuration[16, 8, 10].
This setup however is ine cient and unnecessarily convoluted since a secondary SSTF grating compressor
is added in conjunction with a complete chirped pulse amplification (CPA) system.
Recently, we addressed this by demonstrating an integrated SSTF platform in a high average power
Yb:CaF2 femtosecond amplifier [15], improving the overall e ciency of the SSTF framework and reducing
its complexity. Here, we expand upon this idea to create a innovative single grating, integrated SSTF system
that in addition allows for smooth variation of PFT for the first time.
5.3 Origin of pulse-front tilt
In this configuration, the PFT results from the geometry of the gratings and the focusing optic, so it can
be precisely controlled, and can be routinely achieved across di↵erent systems while maintaining a spatially
di↵raction-limited, and temporally transform-limited focus. Since the beamlets (each frequency component
can be treated as its own Gaussian beamlet) are collimated and parallel to each other, there is no transverse
chirp at the focal plane. This leads to a coincidence of the temporal and spatial focus. The pulse front
tilt results from the angular spatial chirp rate. Following the notation in our previous work [12], let the





frequency and ↵ is a parameter that describes the spatial chirp rate, whose beamlet is traveling along the
optical axis (x=0). When focused by the lens, of focal length f , the spatial phase is then given by








Here, the negative sign comes from the convention that forward-propagating (towards larger z) positive beam






















The PFT can be represented in two alternative forms that help connect it to what can be observed in the
lab. Let  ! be the 1/e2 intensity half width of the spectrum, and ⌧ = 2/ ! be the corresponding half-width
pulse duration. (Note that the corresponding full width at half maximum is ⌧fwhm = ⌧
p
2 ln 2 ). Then the














For a given laser system operating at a central wavelength  0 with a transform-limited pulse duration ⌧ ,
the PFT depends primarily on the angular spread of the spectrum at the focal plane. Another formulation





is the 1/e2 intensity radius of the input Gaussian beamlet. Note that   has a sign that depends
on the orientation of the spectrum relative to the x-axis. This ultimately determines the orientation of the





where w0 is the 1/e2 intensity radius of the focal spot. Equation 5.5 makes it clear that the time taken for
the tilted pulse front to cross the full diameter of the beam is 2 ⌧ .
5.4 Experimental setup
Our design incorporates our SSTF compressor within a multipass, Ti:Al3O2 CPA system. In this case the
SSTF compressor doubles as the compressor for the CPA system (a one-step process). It consists of a single,
130 x 20 mm clear aperture, G=1200 lines/mm transmission grating (LightSmyth Technologies). The grating
has a throughput of 96% at 800 nm and is situated at an incident angle of ✓
i
= 31.6-degrees to compensate
for third order dispersion. After the grating, two right angle dihedrals are mounted on carriages atop a
precision dovetail optical rail (Newport PRL-36) along the grating’s di↵racted angle (✓
D
= 25.9-degrees).
Completing the design is a right angle roof mirror that retroreflects the beam back through the system at a
lower height (a double pass arrangement). The two dihedrals on the rail are mounted at di↵erent heights so
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Figure 5.1: Schematic of the integrated SSTF system which allows for variable PFT. It consists of a sin-
gle transmission grating (G), two dihedrals (D1, D2), and a roof mirror (RM). Flip mirrors (FM1, FM2,
FM3) before the compressor and o↵-axis parabola (OAP) redirect the beam through a built in second-order
interferometric autocorrelator and onto a lens (L) that focuses the pulses into a GaAsP detector for rapid
pulse width measurements. The basic interferometer design incorporates Mesa Photonic’s precision Peregrine
Optical Delay Line (ODL) in one of the arms.
60
that upon the first pass through the compressor the di↵racted beam proceeds over the closest dihedral and
onto the furthest dihedral (D1). The beam is then redirected through the grating and onto a retroreflecting
roof mirror that once again reflects the beam back through the grating but this time at a di↵erent (⇡7 mm
lower) height. At this new height, the beam now reflects o↵ the second dihedral (D2) and back through
the grating, exiting the compressor along the input beam path. A picko↵ mirror at the new lower height
directs the beam to a 1” e↵ective focal length, 90-degree o↵-axis parabola (Edmund Optics #47-095) and
three-axis specimen scanning stages (Aerotech Inc, ANT130-110-XY/ANT130-060-L-Z). A layout of this
system is shown in Figure 5.1.
Figure 5.2: Various configurations of dihedrals 1 and 2 (D1, D2) and roof mirror retroreflector (RR) within
the variable PFT compressor for the cases of (a,b) variable PFT (c) no-spatial chirp (conventional focus),
and (d) maximum PFT.
The innovation of the design lies in the decoupling of the dihedrals (D1 and D2). Adjusting the separation
between D1 and D2 along the rail results in variation of the PFT while maintaining the necessary dispersion
compensation for the CPA system. The distances, b1 and b2 (illustrated in Figure 5.2 (a)) are defined here
as the optical path between the grating and D1 and the grating and D2 respectively. The di↵erence between
b1 and b2 is adjusted in order to produce the desired PFT, given by the spectral spread induced by passing
through a Treacy grating pair [19, 20]:








That is, PFT arises if b1/b2 6= 1. Once the PFT is set, b2 and b1 are coupled and translated together to a
fixed total length needed to compensate for the overall second order dispersion,  2 , of the complete system
(post amplifier):









where the convention ✓
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and should also be fully compensated if the grating constant G and di↵raction order m of the stretcher
matches with the SSTF grating.
Figure 5.2 shows various configurations of the compressor. For variable PFT (Figure 5.2 (a)) the spacing,
b1 and b2, of the dihedrals varies depending on the desired PFT. Figure 5.2 (b) better illustrates the beam
path in this configuration in three-dimensions. Currently the compressor is arranged to provide a beam
aspect ratio ( 
BA
: the ratio of the spatially chirped-to-beamlet widths) of 10 (PFT⇡58,700 fs/mm at focus).
Note that it could also be arranged for D1 to pass over D2 (b1 < b2) in which case it would be possible
to tune the PFT through zero to the opposite sign. For zero PFT (Figure 5.2 (c)) D2 is removed from
the rail while the compressor remains double passed, eliminating spatial chirp and fully compressing the
pulse (i.e. a conventional beam). Separate rail carriages for D1 and D2 keep this process straightforward.
With appropriate optomechanics it would be possible for D1 and D2 to stack in the same plane, b1 = b2,
(eliminating the need to remove D2). However, in our setup we are mechanically limited. For maximum
PFT (Figure 5.2 (d)) D2 is again removed from the rail but this time the compressor is single passed. The
roof mirror, similar to D2, is situated on a translation rail and is easily removed from the beam path.
Figure 5.3 plots PFT as a function of the di↵erence between dihedral positions (b1-b2). Our current PFT
regime is marked by a black circle on Figure 5.3.
Figure 5.3: PFT as a function of the di↵erence between dihedral positions (b1-b2), [Eq. 5.6]. (f=25.4 mm,
G=1200 l/mm,  0=800nm, ✓D=25.9-degrees). Our current PFT regime is marked with the black circle.
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5.5 Characterization and alignment
Ascertaining SSTF pulse widths is complicated by the fact that the pulse width is varying throughout the
focus. Zhu et al. was the first to characterize SSTF pulses with an interferometric second order autocorrela-
tion using two-photon excitation fluorescence o↵ a nonlinear element (Rhodamine sample) at focus [6]. Here,
we use a similar method for retrieving SSTF pulse widths. We implement Mesa Photonic’s interferometri-
cally stable Peregrine Optical Delay Line within a simple interferometer configuration ( Figure 5.1). The
Peregrine has ⇡1 cm of travel and a resolution of ⇡1 fs. A two-beamsplitter design is used to balance each
arm of the interferometer. To measure the pulse width a flip-up mirror before the compressor redirects the
beam through the interferometer setup. The two collinear pulses are then compressed and weakly focused
into a large area, 6 x 6 mm, GaAsP diode using a long focal length (f = 75 cm) lens. Focusing is necessary
since only at the focus are all the wavelengths overlapped to produce a short pulse. The long focal length
lens helps avoid aberrations that spatially chirped beams are susceptible to when focusing through refractive
optics, most notably chromatic aberration. Using this method our SSTF pulse duration was determined to
be 85 fs at focus, assuming a Gaussian pulse shape.
Figure 5.4: (a) Well aligned compressor dihedrals result in a level SSTF beam in the x-y plane (b) Misaligned
compressor dihedrals result in a tilted SSTF beam in the x-y plane (c) Misalignment of compressor dihedrals
is further realized in an autocorrelation trace as overt asymmetry.
Careful attention must be paid to the alignment of the dihedrals within the compressor. Misalignment
of a dihedral’s vertical tilt for instance results in a skewed beam in the x-y plane (Figure 5.4 (a) and (b)).
This is manifested as an asymmetric artifact within the pulse autocorrelation (Figure 5.4 (c)). To insure
alignment we look in both the near- and far-field while translating each dihedral along the full distance of
the rail. Once the first dihedral is aligned, the stationary dihedral (roof mirror) is easily aligned by looking
at the passes through the grating with the unmodelocked oscillator beam. Passes 3, 4 should be stacked
nicely underneath passes 1, 2, on the grating.
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5.6 Conclusion
In summary we have shown for the first time a novel single grating compressor design that o↵ers the ability
to smoothly vary the PFT. This is especially intriguing for micromachining and nonreciprocal writing where
PFT provides yet another degree of freedom for material modification based on scan direction. Additionally
it may also be of importance for applications requiring no PFT, such as filamentation based glass-to-glass
bonding [21, 22, 23, 24, 25]. We can see how the flexibility of this compressor design can now allow for both
applications to be realized e ciently with a single system and result in uniquely structured and sealed lab
on a chip type devices. Finally, we have also shown that second-order intensity autocorrelations of the SSTF
beams can be used to perfect the integrated compressor alignment.
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CHAPTER 6
SIMULTANEOUS SPATIAL FREQUENCY MODULATION IMAGING AND MICROMACHINING
WITH A FEMTOSECOND LASER
A paper prepared for publication in Optics Letters.
Erica Block,1,*Michael D. Young,1 David G. Winters,2Randy A. Bartels,2,3 and Je↵ A. Squier1
6.1 Abstract
A Ti:Al2O3 chirped pulse amplification system is used to simultaneouly image while machining. By cou-
pling Simultaneous Spatial and Temporal Focusing (SSTF) with SPatIal Frequency modulation for Imaging
(SPIFI) we are able to decouple the imaging and cutting beams in order to attain a resolution and a field of
view that is independent of the cutting beam while maintaining single element detection. This setup allows
for real-time feedback with potential for simultaneous nonlinear imaging and imaging through scattering
media. The novel SSTF machining platform uses complex refractive optics that are in general prohibitive for
energetic, amplified pulses that might otherwise compromise the integrity of the focus as a result of nonlinear
e↵ects.
6.2 Introduction
The possibility to use a single setup for both machining and imaging is a feature of ultrashort pulse laser
manufacturing that has been demonstrated multiple times in both linear and nonlinear modalities [1, 2, 3,
4, 5]. Live visualization of 3D morphological changes and damage thresholds has important implications for
micromachining allowing for real-time characterization and adjustment of cutting parameters. Currently,
simultaneous write-characterization procedures with a single laser system can be hindered by the inability
to pass energetic (ten’s of microjoules or higher) femtosecond pulses through the complex refractive optics
demanded by a sophisticated optical delivery system. This is due to the introduction of an extended path
length in glass which can result in significant accumulated nonlinear phase (B-integral) of the amplified
beam. In addition, it is advantageous to be able to decouple the imaging and cutting beams in order to
attain a resolution and a field-of-view that is independent of the machining beam.
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2Department of Electrical and Computer Engineering, Colorado State University, Fort Collins, Colorado 80523, USA




































Figure 6.1: (a) layout of the simultaneous machining and imaging setup. From the oscillator, a pulse selector
comprised of two calcite polarizers (P1, P2) and a Pockels cell (P.C.) send an s-polarized, 1-kHz pulse train
to the integrated SSTF/CPA system and a p-polarized, 75-MHz repetition rate pulse train to the SPIFI
imaging setup. Each arm has a zero-order, half-wave waveplate (WP) to manipulate beam propagation
through the two polarizing beam splitters (PBS). At the entrance of the SPIFI setup two lenses (L1=30 mm
and L2=100 mm) expand the beam by ⇠ 3x to fill the frequency modulated reticle (mask). A cylindrical
lens (Cyl. L= 100 mm) creates a line focus on the mask. Scan lenses (SL1 and SL2), each with an e↵ective
focal length of 109.9 mm, relay the line focus image to the sample. The imaging beam is then collected on
a photodiode. (b) shows a depiction of the frequency-modulation reticle.
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One of the key features of Simultaneous Spatial and Temporal Focusing (SSTF) [6, 7] is that energetic
femtosecond pulses can be passed through material without being inhibited by nonlinear e↵ects [8]. SSTF
most commonly uses a grating to spatially chirp the beam into a frequency distributed array of beamlets [9].
A spatially chirped beam lowers the pulse intensity outside of focus. A transform-limited, di↵raction-limited,
high intensity pulse occurs only at the focal plane where all the frequency components cross. Notably, an
appropriately designed SSTF optical delivery system can improve the axial intensity localization at focus
while decreasing nonlinear e↵ects outside of focus [10, 11, 12]. The utility of SSTF beams have already been
exploited in nonlinear microscopy to improve the frame rate and axial sectioning of wide-field two photon
excitation fluorescence (TPEF) microscopy [13] and to axially scan the focal plane by adjusting the group
velocity dispersion (GVD) of the excitation pulse [14]. However, machining with SSTF through refractive
optics can be hindered by chromatic aberration, and the o↵-axis beamlets accumulate astigmatism and
coma [15]. In previous e↵orts it has been typical to use a reflective o↵-axis parabola to avoid this problem
[16, 8, 10]. In this work we demonstrate through careful selection of available o↵-the shelf optics, a refractive
optical delivery system that e↵ectively combines imaging and SSTF micromachining. This type of delivery
system is important to enable industrial and clinical applications of SSTF femtosecond micromachining.
To add concurrent imaging, real-time acquisition rates are needed and the ability to image through
scattering media is desirable. Using a single element detector mitigates the problem of scattering [17].
However, single element detection methods can be time consuming, requiring point-by-point scanning ,
and/or spatial multiplexing with multiple beams [18, 19, 20, 21]. In order to eliminate the necessity for
scanning the imaging beam, and by exploiting the fact that in machining specimen scanning is typically
employed, an extended illumination source should be considered. In this case, a line focus is created which
is centered on the cutting beam. Normally, an extended imaging source requires two-dimensional detectors
such as a charge-coupled device (CCD) camera. However, this system is envisioned for ablating within
tissue, which for example, can be highly scattering. By employing SPatIal Frequecny modulation for Imaging
(SPIFI) [22] single element detection can be utilized making it suitable for imaging through scattering media.
SPIFI uses a cylindrical lens to focus the beam to a line at the modulation disk. The modulation pattern
is an adaptation of the Lovell FM reticle [23, 24] which imparts a carrier frequency as a function of radial
postition. The carrier frequency encodes spatial information into temporal frequencies which can be detected
with a single element detector such as a PMT or photodiode. The detected time varying signal can then
be Fourier transformed to retrieve a line image. Sanders et al. were the first, to our knowledge, to form
an image with frequency modulated reticles [25]. More recently Futia et al. and Hoover et al. showed that





















Figure 6.2: (a) 2D SPIFI image of the machined channel. (b) is a lineout of the channel. The lineout was
normalized to the front surface of the slide and calibrated to the beam profile.
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6.3 Experimental setup
In the simultaneous SSTF-machining SPIFI-imaging setup a seed pulse originates from a 76-MHz repe-
tition rate, Ti:Al2O3 oscillator operating at a central wavelength of 800 nm and producing 85 fs pulses. The
pulse train is sent through a pulse selector consisting of crossed calcite polarizers and a Pockels cell. The
pulse selector sends a 1-kHz train to a standard chirped-pulse amplification (CPA) setup with an integrated
single-grating SSTF compressor [9], while the rejected light is relayed to a SPIFI imaging setup (Figure 6.1
(a)). The imaging setup consists of a 10 mm cylindrical lens that focuses the beam to a line onto a spinning
disk to frequency modulate the beam (Figure 6.1 (b)). The frequency-encoded line focus is then image
relayed to the sample plane using a pair of 1.6X OCT scan lenses each with a 109.9 mm e↵ective focal length
(Thorlabs LSM05-BB). Between the two scan lenses, a polarizing beam splitter (PBS) is used to introduce
the cutting beam onto a collinear path with the imaging beam. After the sample a second PBS is used to
reject the high-intensity machining beam while the imaging beam is transmitted and then collected onto a
single element detector (photodiode). The signal from the photodiode is processed using a data acquisition
board (National Instruments USB-6341) and Fourier transformed to give spatial information along the line
focus. The data is processed into a 2D image by exporting to data analysis software (such as Matlab, Math-
ematica, etc.). With our one-to-one image relay system, the lateral resolution along the extent of the line
focus, is a function of the maximum spatial frequency of the modulation reticle (in the radial direction), Dk.
In our setup Dk=45 lines/mm which gives a resolution of 0.027 mm [22].
6.4 Results
To demonstrate the simultaneous machining/imaging capabilities of this system a microscope slide (Pre-
mier 8201) was translated ±0.5 mm vertically through focus using two-axis motorized Newport stages (LTA-
HS/ESP301). The cut was made at 80 µJ per pulse and a speed of 0.25 mm/s. The resulting 2D SPIFI image
is shown in Figure 6.2 (a). A lineout of the channel is shown in Figure 6.2 (b) The lineout is normalized
such that the depth is relative to the front surface of the slide and the image is calibrated according to the
beam profile. The SPIFI image clearly detects the channel being created by the SSTF beam. Independent
analysis of the channel width through profilometry indicates that the channel is ⇠ 80 µm wide. The low
image resolution in this initial demonstration is dominated by the manner in which the signal from the
diode was sampled. This is not an inherent limitation. Masks with higher resolution are now available.


















Figure 6.3: (a) Shows the actual SSTF beam at the focus of the LMS05-BB scan lens with the x and y
cross-sections overlaid. (b) Shows the SSTF beam at the focus of the LMS05-BB scan lens modeled in
ZEMAX. (c) Single laser shots on the front surface of a glass microscope slide showing an approximately
circular profile.
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6.5 Scan lens analysis
The performance of the LSM05-BB scan lens was analyzed using a CCD camera beam profiler (Thorlabs
BC106N-VIS) to experimentally measure the focal spot of the SSTF beam (Figure 6.3 (a)) and was mod-
eled using ZEMAX, a optical design and raytracing software (Figure 6.3 (b)). ZEMAX verifies a circular,
di↵raction-limited focus is achieved with an SSTF focus. To further verify a circular focal spot experi-
mentally, a microscope slide was translated at 30 mm/s (fast enough to achieve single nonoverlapping laser
shots) on the front surface of the material using 3-axis specimen scanning stages (Aerotech Inc, ANT130-
110-XY/ANT130-060-L-Z), (Figure 6.3 (c)). The energy at focus was 90 µJ, and the pulse width was 85 fs.
The beam was also analyzed through focus. For these measurements the beam profiler was mounted on
a translation stage and moved through focus in 2 mm increments to ±10 mm, where zero represents where
the beam comes to a focus, Figure 6.4 (a). A through focus series was also modeled in ZEMAX, Figure 6.4
(b), corroborating the experimental data.
Figure 6.4: (a) Actual data from a CCD camera beam profiler of our SSTF beam through the LSM05-BB
scan lens. (b) Simulated data of our SSTF beam through the LSM05-BB scan lens modeled in ZEMAX. At
focus we see that the beam is below the di↵raction limit. In both (a) and (b) the measurements go through
focus ±10 mm.
6.6 Conclusion
Combing SSTF and SPIFI we have demonstrated the ability to simultaneously image and machine using
single element detection for the first time. In the future this technique could extend to real-time imaging of
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highly scattering materials, such as tissue, or simultaneous nonlinear imaging [17] while machining. Notably,
no active gating of the SSTF beam was needed for imaging. Currently the resolution of the system is limited
by the the modulation mask. It is possible to fabricate a higher resolution mask which will improve the
image resolution to well below that of the cutting beam. Similarly, within this complex refractive optic
setup SSTF beams were propagated without significant aberration, resulting in a di↵raction limited circular
focal spot.
This work was funded by the National Institute of Biomedical Imaging and Bioengineering under the
Bioengineering Research Partnership EB-003832.
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In conclusion we’ve successfully built (Chapter 2, Chapter 5, and Chapter 6) and demonstrated (Chapter
3 and Chapter 4) simultaneous space time focusing as a new paradigm for moving the field of femtosecond
micromachining forward. With this system we now have the ability to use long working distances, and large
beams, while increasing precision (by orders of magnitude) and mitigating problematic nonlinear e↵ects.
We’ve demonstrated this by cutting glass as well ocular tissue (Chapter 3). SSTF’s axial intensity localization
proved to be a safe and e↵ective new treatment for ophthalmic corrective surgery, especially for mid- to
posterior procedures where the intensity upon the retina is greatly reduced.
An integrated, high e ciency design for an SSTF system has also been constructed that allows for
variability of SSTF pulse front tilt for the first time (Chapter 5). Having full spatio-temporal control will
provide another degree of freedom for tailored femtosecond machining.
To complete our system we designed an in-parallel, integrated simultaneous imaging system that is robust
to scattering and is independent of the cutting beam’s field of view and resolution while being contained
within a single laser system (Chapter 6).
7.1 Limitations
While the SSTF platform we’ve created shows great utility for future applications it still has some
limitations. For instance, currently for machining the 1 kHz repetition rate is too slow to practically fabricate
large or complex devices. For example, cutting a 1 mm x 2 mm x 0.5 µm reservoir takes approximately
one hour to fabricate even with our large (25 µm) beam size. Increasing the laser to 100 kHz for example
would increase fabrication speeds by 100 times. Additionally, currently machining paths are line by line hand
coded using G-code which restricts our cutting geometries to simple patterns consisting of straight lines and
right angles. Being able to create circles, for instance, would significantly help broaden our capabilities.
Furthermore a CAD program that is able to translate detailed multi-featured designs into G-code would
make complicated devices a reality.
Another potential limitation as we move to higher repetition rates will be the ability of the scan stages
to translate the sample at a fast enough rate. In this case a galvometric scan mirror system would need to
be implemented in conjunction with the scanning stages. To complicate matters the scan mirrors have small
(⇠14 mm) diameters and a clever method for relaying the elongated SSTF beams with them will need to be
conceived.
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For surgical applications it may be more opportune to use the Food and Drug Administration (FDA)
approved laser wavelength of 1030 nm.
With our SPIFI imaging setup we’re currently limited by the resolution of our modulation disk (Chapter
6). We used a mask we had readily at hand for proof of principle but, mask resolution is not an inherent
setback and higher resolution masks already exist. Additionally, a spatial light modulator (SLM) could also
be a good candidate to replace the modulation disk altogether which could improve resolution limits and
eliminate any additional degradation of the resolution due to disk wobble.
7.2 Ongoing research and collaborations
Various collaborative applications for SSTF have been worked on throughout the course of this disserta-
tion. Three of our largest ongoing collaborations are discussed below.
With Dr. Yves Bellouard (Ecole Polytechnique Fédérale de Lausanne (EPFL), Switzerland) we’ve begun
to look at the unique material modifications resulting from SSTF’s highly localized focal intensities, such as
the formation of high pressure phases (Section 7.2.2).
With Professor John Oakey (University of Wyoming) we’ve worked of creating triangular channel mi-
crofluidics to study multiphase flow behavior and fabricated microfluidics for enhanced oil-recovery, inertial
focusing, and investigation into wettability evolution (Section 7.2.1)
Our latest collaboration has been with Professor Alexis Navarre-Sitchler (Colorado School of Mines)
where we’ve created microfluidic structures within mineral substrates (Section 7.2.3).
7.2.1 Microfluidic devices
(a) (b) (c) (d)
w
L
Figure 7.1: Assorted triangular channels. Varying the number of depth cuts and lateral passes (at each
depth) creates unique channel widths and depths. (a) A channel’s aspect ration (AR) can be defined as the
ratio between its depth and width (a). Various channels include (b) a 75 µm wide, high aspect ratio channel
(AR⇠ 9). (c) a 225 µm wide channel with a low aspect ratio (AR⇠ 1) and (c) a 40 µm channel with an
aspect ratio of ⇠ 1.
Inertial focusing is a passive positioning method for microparticles and cells [1, 2]. By changing the cross-
section of the channels the particles can be manipulated and self-organize. Currently rectangular and circular
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Figure 7.2: (a) Machining in the direction perpendicular to the pulse front tilt results in asymmetric channel
cross-sections while (b) machining in the direction of pulse front tilt results in symmetric channel cross-
sections.
cross-sections are implemented, until now triangular channels of varying aspect ratios (the ratio of depth-
to-width) have not been possible because most fabrication techniques are planar (such as photolithography
or chemical etching). Using SSTF, microchannels can be fabricated with triangular cross-sections and the
geometry is highly reproducible (Figure 7.1). An interesting observation is impact of pulse front tilt on
channel cross-section symmetry (Figure 7.2). Machining in the direction perpendicular to the pulse front tilt
results in asymmetric channel cross-sections while machining along the direction of pulse-front tilt results in
symmetric channel cross-sections.
We have also created precision roughened surfaces or “asperities” to study wettability and wettability
evolution of rough features (Figure 7.3). In this case a sample is raster scanned in ±x and ±y (Figure 7.4). As
the lateral spacing between the cuts gets smaller, the surface will disappear entirely. At that point, you will
have a roughened surface. By cutting triangular channels to a given depth and then cutting perpendicular
channels you could control the depth and aspect ratio of the asperity in a reproducible manner.
7.2.2 Formation of high pressure phases
The highly localized nature of SSTF ablation has led to interesting material modifications and phase
transformations. Specifically the formation of high pressure phases has been observed using Raman and
SEM imaging. Looking at ablated channels and their debris (the specimens were not cleaned) in fused
silica we have seen polymorphic formation taking place. Most interesting are self-organized, necklace-like
“pearl-chains” of nanoparticle layers (Figure 7.5). We believe this results from ablating the material into
nanoparticles that re-solidify in a kind of web of nanoparticle chains.
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Figure 7.3: Di↵erent asperity regions. Varying the lateral spacing between the cuts, and the depth of each
cut, will result in di↵ering “roughness”.
“Asperities” (or precision roughened surfaces) 
• As the lateral spacing between the cuts 
gets smaller, the surface will disappear 
entirely. At that point, you would have a 
roughened surface. 
• By cutting triangular channels to a given 
depth and then cutting perpendicular 
channels you could control the depth 
and aspect ratio of the asperity.
+ =
±y ±x
Figure 7.4: Raster scan patterning for the creation of asperities.
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Figure 7.5: SEM image of a machined fused silica sample showing “pearl-chains” of nanoparticles layers.
The energy was 40 µJ and the sample was scanned at 1 mm/s.
Raman measurements were taken near the machined trenches in hopes of capturing the spectra of the
nanoparticles. The results indicate that they have a somewhat crystalline structure, whether the original
substrate was a-SiO2 or crystalline quartz. We conclude this must be a silica polymorph or possibly a silicon
phase but additional measurements will be needed for clarification. Nevertheless, there are clearly distinctive
peaks that are not experimental artifacts nor visible in pristine specimens. Nothing in particular was done
to get rid of the silica background in the Raman data, yet the strength of the signal peaks are very clearly
distinguishable. Undoubtably SSTF is inducing polymorphic phases of the material. Additionally, increasing
the pulse energy leads to a di↵erent phases and there seems to be a direct correlation between the possible
phases and the increasing pulse energy (Figure 7.6). It is logical to assume that higher pressure phases would
be found with higher pulse energies.
In the future, Raman with a scanning option would give the possibility to scan across a trench. Which
we suspect, that depending on where the nanoparticles land from the ablation site, di↵erent phase might be
produced[3].
In addition to fused silica, cuts and debris of ruby, sapphire, and quartz are also being investigated with
similar results.
81
Figure 7.6: Raman data taken on the nanoparticles projected near trenches. The strength of the signal
is strong, with peaks that are very clearly distinguishable despite doing nothing to get rid of the silica
background. This indicates we are inducing polymorphic phases. We see that increasing the pulse energy







Figure 7.7: (a) A polished anorthite sample with machined reservoirs and channels. (b) A completed
anorthite microfluidic with fluid flowing through the sealed o↵ device. (c) A polished albite sample with
machined reservoirs and channels. (c) An SEM image of the polished albite microfluidic sample showing one
of the reservoirs with two connecting channels.
7.2.3 Machining of minerals
Work has also been started on a collaboration to make microfluidic devices in minerals. This work will
be critical in understanding flow dynamics in porous materials [4]. Currently such devices are being etched
with CO2 l(sers and su↵er from the large heat a↵ected zone (HAZ) from these types of lasers. This results
in chipping, fractures and warping of the surface which are prohibitive to joining entrance/exit ports and
sealing o↵ the device [5, 6, 7]. The two minerals that have been characterized so far are anorthite (Figure 7.7
(a) and (b)) and albite (Figure 7.7 (c) and (d)). In one case the minerals were polished and another trial
the minerals were left unpolished. A simple microfluidic device consisting of two, 1 mm x 2 mm x 0.5 mm
reservoirs with two channels of di↵erent dimensions connecting them (⇠ 0.2 and ⇠0.3 mm wide), were
fabricated in each material. We were able to attach a polymer cap directly to the anorthite sample and flow
fluid through (Figure 7.7 (b)). This is something that was not possible with the CO2 etched samples because
the polymer wouldn’t bond su ciently to the surface, due to the heat induced lifting and bulging of the
surface during manufacturing that prevented su cient contact between the sample and Polydimethylsiloxane
(PDMS) during the bonding.
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Figure 7.8: One of the first microfluidic prototypes made with our new laser and scanning systems. Image
courtesy of Nathan Worts.
7.3 Outlook
A new Yb:CaF2 femtosecond laser has been purchased from KM Labs. It operates at a central wavelength
of 1034 nm with a tunable repetition rate (10-100 kHz). Currently it’s operating at 100 kHz, and produces
182 fs pulses with an average power of 1.3 W. Along with this system a new galvometric scan system has
been constructed that is capable of converting designs drafted in Inkscape or Mathematica into scan mirror
commands (Figure 7.8). This will significantly improve processing times and give us the ability to create
complex patterns.
There is potential to create a “2D SPIFI” imaging system. This would involve creating a line focus
“cursor” along both x and y with the implementation of two modulation disks or SLMs. It would potentially
give more information more rapidly. Work being done in our lab has already proven SLMs are capable of
transcending disk-limited resolution to achieve di↵raction limits defined by the focusing optics themselves.
7.4 Summary
In this thesis we have significantly advanced the application and implementation of simultaneous space
time focusing (SSTF). With our system microjoule femtosecond pulses with low numerical aperture geome-
tries (<0.05 NA) were delivered with characteristics significantly improved compared to standard state of
the art focusing platforms. Nonlinear e↵ects that normally result in focal plane shifts and focal spot distor-
tion were in all cases mitigated when SSTF was employed. Experimentally we demonstrated SSTF as safe
surgical tool for ophthalmic procedures in mid-to posterior eye segments (from the lens to the retina) that
are presently inhibited by nonlinear e↵ects and high energy threshold requirements.
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Furthermore, implementation of SSTF, in the past, has been overly complicated. We designed a signif-
icantly more streamlined and flexible SSTF system complete with an inline (refractive) delivery system to
move towards industrial and clinical applications. For the first time this design allows for variation of the
beam aspect ratio of an SSTF beam, and thus the degree of pulse-front tilt at focus, while maintaining a
net zero-dispersion system. This will allow for full spatiotemporal control over the intensity distribution at
focus, providing yet another degree of freedom for tailored ablation processes.
Real-time visualization of the femtosecond machining process that is vital for industrial and medical
applications was also constructed using complex, o↵ the shelf, refractive optics. This delivery system is
robust to scattering, and integrated within the machining laser framework, while maintaining a decoupled
field of view (FOV) and resolution.
We’ve further shown in this chapter that many other suitable applications for SSTF exist such as the
fabrication of microfluidics with unique cross-sectional geometries as well as the formation of polymorphic
and high pressure phases in transparent materials.
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Erica Block <eblock@mymail.mines.edu>
Response Requested: use of previously-published work in Mines dissertation
Jens Ulrich Thomas <j.thomas@uni-jena.de> Wed, Feb 4, 2015 at 1:40 PM
To: Erica Block <eblock@mymail.mines.edu>
Hi Erica,
Please do! When are you handing your thesis in? If you need any feedback on it, let me know.
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Erica Block <eblock@mymail.mines.edu>
Response Requested: use of previously-published work in Mines dissertation
Dawn Vitek <dawn.vitek@gmail.com> Wed, Feb 4, 2015 at 8:01 PM
To: Erica Block <eblock@mymail.mines.edu>
Hi Erica,
Yes, you have my permission. Congratulations on writing your thesis. This is a huge project! I'm happy to hear that the
option of working with Oakey is high on your list. I would have liked to work with him too, but other things have taken
over my life for the time being. I'm enjoying teaching math at a local college right now. 
Best wishes on your future work, and, yes, please keep in touch.
Dawn
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